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ABSTRACT
Magmatism in convergent margin settings is the dominant mechanism of
mass transfer from the mantle to the crust and of crustal growth during the
Phanerozoic. The results of a detailed study of the Azufre-Planchon-Peteroa
Volcanic Center and of regional comparison of volcanoes in the Southern
Volcanic Zone of the Andes between 330S and 420S constrain the sources,
processes, and rates operative during magmatism of the southern Andean
volcanic front.
The Azufre-Planchon-Peteroa Volcanic Center is located at 350 15'S, in a
transition zone of crustal thickness. Continental crust of the volcanic front is 35
km thick south of 370S and thickens to 55 km at 34.50S (Hildreth and Moorbath
1988). Azufre, the oldest (<0.55 m.y.) volcano of the center, is a multi-cyclic,
bimodal basaltic andesite-dacite stratovolcano. Planchon is the northernmost
basaltic volcano of the volcanic front, and grew relatively rapidly. Peteroa is the
most recent and active center; it erupts calc-alkaline mixed magmas of andesitic
and dacitic composition.
Basalts and basaltic andesites of Azufre and Planchon are related by a
plagioclase-poor, anhydrous fractionating mineral assemblage; high alumina
basalt is produced from tholeiitic precursors by high pressure crystallization.
During high pressure crystallization, small degree partial melts of the lower
crust (probably an arc - derived garnet granulite protolith) rich in Rb, Cs, Th, and
La/Yb contaminate evolving magmas. Azufre dacites form at low pressures by
fractionation of a plagioclase rich mineral assemblage. Dacites are
contaminated in the upper crust by limestone and by partial melts of igneous
country rock, increasing 87Sr/86Sr, a0 18, Rb, Cs, and Th in evolving magmas.
Two depths (upper and lower crust) of contamination are evident in the
Planchon-Azufre system, with 10-15% crust incorporated in each environment.
This style of polybaric, polysource compositional variation is prevalent among
volcanoes between the segment boundaries at 34.50S and 370S, where crustal
thickness changes rapidly.
In the thin crust region south of 370S, lavas evolve dominantly by low
pressure fractional crystallization, with minimal amounts of crustal
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contamination. The 370S segment boundary is an important discontinuity in the
predominant depths of fractional crystallization and amounts of crustal
contamination. The 370S segment boundary is also an important discontinuity
in the amount of fluxing of the mantle wedge by fluids derived from subducting
oceanic crust, and the corresponding degrees of partial melting of garnet
lherzolite mantle in response to the fluxing. Relative to lavas north of 370S,
lavas south of 370S have low Rb/Cs (high amount of slab fluxing of the
overlying mantle wedge) and low La/Yb (high degrees of melting of a garnet
Iherzolite source).
U-Th disequiblibrium data and 238U enrichment correlate with Rb/Cs and
10Be, indicating U-Th fractionation was via a low Th/U slab-derived fluid. To
allow sampling of lavas in 238U-230Th disequilibrium, the combined rate for
melt coalescence, ascent, and eruption must be 1.33-0.44 m/year.
Thesis Supervisor: Frederick A. Frey
Professor of Geochemistry
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CHAPTER ONE
Geologic History of the Active Azufre-Planchon-Peteroa
Volcanic Center (35015' S, Andean Southern Volcanic Zone),
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Abstract
The Azufre-Pianchon-Peteroa volcanic center is located on the Andean crest
at 350 15'S, in a transition area of the Southern Volcanic Zone where crustal
thickness as inferred from gravity data decreases from 55 km at 330 S to 35 km
at 370 S (Hildreth and Moorbath, 1988). Country rocks are Cretaceous marine
sediments and carbonates, Tertiary plutonic and volcanic rocks. The oldest
lavas (Pleistocene) of the center are basaltic andesites and dacites from Volcan
Azufre. The aphyric dacites apparently erupted over a short span of time
between more voluminous episodes of basaltic andesite activity. The
compositional gap between basaltic andesites and dacites of Azufre requires
30-40% crystallization. The lack of andesitic eruptions could be controlled by
the yield strength of the magma; crystal-rich andesites may be too viscous to
erupt, but at higher crystallinity and higher yield strength the magma body will
able to support a fracture and allow separation of small volumes of dacitic
liquid. Volcan Planchon, 6 km north, began erupting before the end of
volcanism at Azufre. Planchon erupted only basalt and basaltic andesite, which
is unusual among volcanoes this far north along the volcanic front of the
Southern Volcanic Zone. A 9 km3 debris avalanche excavated a summit
amphitheatre between the two edifices and travelled 75 km before it debcuched
into the Central Valley (Davidson, 1974). It may have been accompanied by a
biotite-rhyodacite pumice eruption. Volcan Planchon II, a smaller edifice, was
built between the probably extinct edifices of Azufre and Planchon and is the
continuation of Planchon activity after the debris avalanche. Large portions of
the cone have been removed by summit glaciations and later explosive
eruptions. The most recent eruptions from vents scattered between Planchon
and Azufre constitute Volcan Peteroa. Peteroa activity includes at least 4
valley-draping mafic andesite flows, a small volume basaltic andesite flow
(1937?) in the summit amphitheatre, and solfataric activity in the summit
amphitheatre including a steaming crater lake (75 m diameter), and an active
fumarole field (150 m2 , new in 1987).
Introduction
The active volcanic center composed of the volcanoes Azufre, Planchon, and
Peteroa is located at 350 15'S, 700 30'W, along the volcanic front of the
Southern Volcanic Zone in the Andes (Figure 1). Peak elevation of Volcan
-13-
Figure 1-1: Location map of South America and part the Southern Volcanic
Zone showing recent volcanos that have been studied in detail.
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Peteroa is 4101 m, and basal elevation is 2550 m at Lagunas de Teno (Figure
2). The center lies on intermediate thickness crust, within a region of a steep
gradient in crustal thickness along the Andean crest that varies between 55 km
at 330 S to 35 km at 370 S (Hildreth and Moorbath, 1988). Lavas range in age
from less than 0.55 my to recent. The center has grown by the overlapping of
volcanic material from the three volcanoes, complicated by at least two syn-
volcanic glaciations and a large debris avalanche that removed a sector of
Planchon. There is a glacier covering a southern sector of Volcan Azufre
(Figure 2), but during Austral summer months, the rest of the center is relatively
ice-free. The center's elevation is ideal for geologic study because Holocene
mountain glaciations have dissected the still active ediface, but summer thaws
allow examination of the glacial sculptures. The large scale dissection, with
vertical relief reaching 700 m, exposes edifice structure beneath the outer apron
of flows to an extent that is rarely seen in active volcanic centers. This exposure
reveals details of volcanic structures, and enables stratigraphic control of
sampling, volume estimates of different lava types, and determination of age
relations between edifices. Azufre-Planchon-Peteroa provides a detailed
picture of the growth and development of a young volcanic center in an
important transition zone of the southern Andes.
Basement Geology
In the vicinity of Azufre-Planchon-Peteroa, the oldest rocks exposed are
Cretaceous marine sediments (Davidson and Vicente, 1973), mostly clean
limestone with silty intervals (Figure 2). A voluminous outpouring of Tertiary
lava overlies the marine sediments (Figure 2). Tertiary lava compositions range
from basalt to rhyolite, with intermediate compositions most abundant (Haller et
al. 1985, Llambias and Rapela 1987). In canyon exposures, both lava-rich
,,-16-
Figure 1-2: Geologic map of the Azufre-Planchon-Peteroa volcanic center.
Cross sections along line A-A' are shown in Figure 7. A, B, C indicate the
locations of stratagraphic sections in figure 3. Letters in the summit crater
between Azufre and Planchon mark the 1987 fumarole field (F) and the
steaming crater lake (L). White patches at high elevation are permanent ice
cover, and at lower elevations are soil cover.
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proximal and lahar and pyroclastic-rich distal packages occur, indicating that
coalescence of material from several centers built the Tertiary volcanic section.
The plutonic roots of this system extend from eastern Chile to Argentina
(Davidson and Vicente, 1973, Llambias and Rapella, 1987). The marine
sediments and continental lavas were variably folded during the Miocene and
are locally cut by mid-Tertiary, possibly syn-volcanic, granodiorite plutons
(Figure 2). Tectonic reconstruction implies Paleozoic units underlie the
exposed Mesozoic-Tertiary section (Ramos et al., 1986).
Volcan Azufre
The earliest and largest volcano of the center, Volcan Azufre, includes 30
km3 of glaciated lavas, pyroclastics, and lahars (Figure 2). The contact with pre-
Azufre lavas is defined by unconformable juxtaposition of lavas with differing
degrees of alteration and deformation, and by the radial dips of Azufre lavas
away from the vent area. Undeformed flows that form "basement" to Volcan
Azufre probably come from slightly older unexposed centers. A 0.55 my K-Ar
whole rock date on a probable pre-Azufre mafic andesite flow reported in
Hildreth et al. (1984) suggests the building of Azufre was a continuation of Plio-
Pleistocene volcanic activity, and does not represent a new pulse of magmatism
after a hiatus of burial, deformation, and uplift.
Lahars and pyroclastic deposits occur throughout the section, but are most
abundant on the low-insolation south side of the volcano, and greater than 1 km
from the vent area. Lahars and pyroclastic deposits are poorly sorted with a silt-
clay size matrix. Matrix-supported volcanic clasts range in size from sand to
cobbles, and in composition from basalt to dacite. Pyroclastic deposits are well
indurated and sometimes preserve a magmatic component as small vesicular
pillows of mafic andesite.
The relative volumes of Azufre lavas are about 70% basaltic andesite and
mafic andesite and 30% dacite. Dacites erupted during at least 2 intervals,
separated by more voluminous basaltic andesite and lahar intervals (Figure
3a). The first dacite interval is 6 consecutive, massive flows, each about 0.001
km3 in volume. A single lahar interrupts the dacites, but the absence of
sedimentary deposits between flows implies a short time interval between
extrusions. The sequence may represent the tapping of a single reservoir.
The second dacite interval is preserved as a dome capping Cerro Baios
Azufre. Lahars underlying these dacite flows include dacite clasts, indicating an
earlier dacite interval than these two.
Basaltic andesite flows are also small in volume, but thinner and farther
travelled than dacites. No flank dikes or vents are preserved. Continuous
sections of numerous mafic Azufre lavas are rare; lahars and pyroclastics
frequently interrupt sequences of mafic lavas.
Chemically, the Azufre suite is bimodal, with an andesite gap (57-63% Si02 ,
Figure 4). Azufre basaltic andesites contain 20-35% phenocrysts of plagioclase
and olivine in 5:1 proportions, with minor clinopyroxene and oxides.
Plagioclase-rich mineral proportions are consistent with low pressure
crystallization of calc-alkaline compositions (Grove and Baker, 1984). Azufre
dacites are nearly aphyric (less than 8% phenocrysts) and contain 0.5-1.0 cm
glomerocrysts of plagioclase-clinopyroxene-apatite-oxides and plagioclase-
clinopyroxene-orthopyroxene-apatite-oxides. The glomerocrysts are evenly
distributed throughout flows and do not appear to have been ripped from
conduit walls or the vent area during eruption. The viscosity of a dacite lava is a
large barrier to nucleation (Kingery et al., 1976), so once nucleated the
equilibrium crystalline assemblage grows in a glomerocrystic cluster. The
plagioclase-rich proportions in the glomerocrysts indicate low pressure
-20-
Figure 1-3: Stratagraphic sections through portions of the volcanos. a:
Representative section through east side of Azufre, about 1 km east of the vent,
emphasizing the dacites. b: Representative section through the north part of
Planchon, 1 km from the vent. The only non-lava is the 50 m thick pillow deposit
discussed in the text. c: Representative section through west side of Planchon
II, .25 km from the vent. Lahars and pyroclastics are much more common than
in the Planchon section, and make for a weaker ediface.
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Figure 1-4: K20 vs. SiO2 classification diagram (Peccerillo and Taylor, 1976).
Planchon and Planchon II lavas are basalts and basaltic andesites. Azufre
lavas have an andesite gap. Peteroa lavas begin to fill in this gap.
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crystallization, and are similar to proportions required to relate basaltic
andesites to dacites by fractional crystallization. The glomerocrysts are
probably the equilibrium solid assemblage, nucleated and grown in place.
Volcan Planchon
After about 75% of Azufre's activity, the building of the Planchon edifice
began 6 km north of Azufre (Figure 2). Planchon lavas overlap Azufre lavas in a
cirque headwall exposure of their southeastern contact (Figure 2), but no
detailed interfingering of the lavas is observed. Planchon comprises 25 km3 of
mostly lavas (Figure 3b). Near-vent material includes lavas and well-indurated
pyroclastics; the pyroclastics are sometimes isoclinally folded and suggest
remobilization just after initial deposition. The proportion of pyroclastic material
diminishes rapidly away from the vent. Lahars are scarce in the Planchon
edifice, but occur in a 50 m thick, glaciated deposit that underlies the
northeastern section. This deposit ranges from a basal 3 m silty, unsorted,
matrix supported, poorly consolidated lahar upward into the consolidated,
unsorted, silty matrix, main body of the deposit. The main body contains
rounded masses (pillows) of olivine basalt up to 2 m diameter. Towards the
margins of pillows, olivines are skeletal and grain size decreases; the matrix is
baked adjacent to pillows. The percentage of matrix decreases upsection from
75% to 5%, finally becoming narrow partings between basaltic masses. The
deposit records an initial lahar, then eruption of basalt that quenched to form
pillows in the silty matrix slurry. As the the event continued the proportion of
lava increased, probably due to erosion and establishment of the vent. The
main body of the deposit resembles subglacial eruption products, but the basal
3 m suggests a lahar.
Flank vents and dikes were either non-existent or have been eroded away.
Although most lavas came from the central vent, basalt dikes comprise less than
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1% of the exposed vent face. The same channels were probably used
repeatedly, and inflated to greater volume during eruptions than is currently
exposed. Only the last lava in each channel is preserved as a dike, because
the exposed dikes are not nearly enough to have built the entire edifice and
account for all the flows. The degree of dissection of the Planchon ediface is
sufficient to conclude that Planchon lacks any silicic differentiates as dikes or
plugs beneath the outer apron of flows.
Planchon lavas are exclusively basalts and basaltic andesites; andesite and
dacite compositions are absent (Figure 4). Planchon is the northernmost
basaltic volcano along the front of the Southern Volcanic Zone. The remarkably
homogeneous lavas are virtually indistinguishable in hand sample from the
base to the top of the edifice. Because of glacial and landslide valleys
maximum lateral continuity of flows cannot be determined, and the lack of any
topography-mantling airfall layers makes correlation of flows across valleys
difficult. However, most flows appear to be small volume. Flows generally
have oxidized tops and brecciated bottoms, but lack clear sedimentary horizons
as partings. The flows of Planchon are sheet-like and do not obviously fill
topography, suggesting the edifice building was not interrupted by glaciation
and that flows were not channelized.Building of the Planchon ediface was rapid
enough to avoid glaciation or significant erosion, but protracted enough to allow
complete cooling of flows. Compared to multi-cyclic and relatively long-lived
Volcan Azufre, Volcan Planchon appears to have grown rapidly.
Although most flows appear internally homogeneous, some may have
formed by coalescence of spatter from a vent fountain. Once this agglutinate
becomes gravitationally unstable, it can begin to flow and mimic a lava.
Depending on viscosity, the final product may be a homogeneous lava, possibly
with a more oxidized appearance and containing scoria and cinders
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incorporated from vent debris, or it can have identifiable internal margins from
individual spatter. As Planchon lavas were fluid basalt and basaltic andesite,
they rarely preserve evidence of agglutination. The more viscous Azufre lavas
have few signs of internal heterogeneity, hence they are probably true lavas.
Dips of flows reach 350 on the ramparts of the edifice. As a result, Si and Al-
poor, volatile-rich, or crystal-poor magmas may not have been viscous enough
to deposit on the slope and may be underrepresented on the edifice. Therefore,
sampling included both proximal and distal localities, but no systematic
relationship to lava composition is observed.
Planchon lavas have 10-45% crystals in a grey, aphanitic groundmass.
Glomerocrysts, xenoliths, and xenocrysts are rare, as is compositional banding.
Plagioclase constitutes 70-80% of the phenocrysts, with olivine and <3%
clinopyroxene making up the remainder. The plagioclase-rich phenocryst
proportions are consistent with 1 atm crystallization (Grove and Baker, 1984)
and may have formed during a short period of pre-eruption storage at shallow
depth. However, occasional dissolution textures in olivine and plagioclase
reflect complexity during pre-eruption storage. Additional petrogenetic
complexity is reflected by compositional variations among Planchon lavas,
which require about 20% crystallization of a plagioclase-poor assemblage; that
is, segregation of a mineral assemblage different from the phenocryst
assemb!~ge in the lavas. Apparently, the fractional crystallization process
required to relate Planchon lavas to each other involved only minor amounts of
plagioclase; upon delivery to near surface storage areas, the observed
plagioclase-rich phenocryst proportions crystallized.
Rio Teno Debris Avalanche
About 10,000 years ago (Moreno Roa, pers. comm.) a large sector (300) of
Planchon and part of Azufre collapsed. The resulting debris avalanche
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travelled 75 km down the Rio Claro and then the Rio Teno drainages before
debouching into the Central Valley, forming an extensive hummocky deposit 9
km3 in volume (Davidson, 1974, MacPhail, 1973, Hildreth, pers. comm.). The
first depostits appear about 40 km from the volcano, near the village of Los
Queues. No lateral blast deposit has been identified, and complete erosion of
near source material has probably removed any evidence. Angular volcanic
clasts in the debris flow are dominantly Planchon type basalt, with less than 1%
of Azufre dacite. The 3.9 km of vertical drop and 87 km of flow indicates a very
high mobility (Ui, 1983, Siebert, 1984), perhaps caused by a large proportion of
summit ice included in the flow. Reconstructing the large horseshoe-shaped
summit amphitheater indicates that 6 km3 of the edifice was excavated. The
remaining 3 km3 was entrained during flow down the river valleys. Rapid
construction of the Planchon ediface may have provided the gravitationally
unstable trigger for the catastrophic debris avalanche.
A biotite-rhyodacite pumice eruption may also have accompanied the debris
avalanche. The pumice (Figure 2) is about 90% biotite rhyodacite, 10% mixed
pumice and scoria. Coexistence of two distinct liquids prior to eruption, either
as a zoned magma chamber or in adjacent reservoirs, is indicated by this
eruption. As the pumice transport direction was wind-controlled to the east and
the debris avalanche flowed west, no pumice is found in the deposit. The
pumice has been reworked by wind and streams and summit area ice. It is
probably pre-historic, but younger than 10,000 years (Hildreth pers. comm.).
Both the lahar and pumice eruption are unique in their size and composition, so
a causal relationship between the two is possible. A glassy biotite dacite plug
probably terminated the eruption, has been shattered by subsequent activity,
and litters the summit amphitheater.
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Volcan Planchon II
Within the amphitheater formed by the debris avalanche, a new edifice was
built, Volcan Planchon II (Figure 2). It has been dissected by summit glaciers
and later explosive volcanic activity of Volcan Peteroa, but its outlines are
preserved as ramparts of radially dipping lavas. The lava flows are
morphologically similar to Planchon's, with a higher proportion of near-vent
pyroclastics (Figure 3). The abundance of moderately indurated pyroclastics in
the lowermost part of the section made a weak foundation for massive lavas
higher in the section, and this structural weakness probably aided the rapid
destruction of the Planchon II cone. Planchon II lavas abut against and partially
overlap a ridge formed by Planchon lavas to the north, drape the western side
of the complex, and were dammed on the east by the crater wall formed by the
debris avalanche (Figure 2). Planchon Il's volume was 5 km3, about a fifth the
size of Planchon.
Planchon II lavas contain 20-40% phenocrysts. Plagioclase constitutes 70-
80% of the assemblage, with olivine and <5% clinopyroxene and oxide making
up the remainder. The mineralogy is very similar to Planchon. The lavas are
also similar to Planchon chemically, being exclusively basalts and basaltic-
andesites (Figure 4). Planchon II can be considered the continuation of
Planchon activity after the catastrophic debris avalanche.
Volcan Peteroa
Volcan Peteroa is the youngest center and consists of scattered vents
between Azufre and Planchon, less than 1 km3 of preserved eruptive products,
phreatomagmatic eruptions, and solfataric activity. The lavas have not yet built
a cone. A series of at least four Peteroa mafic andesite flows have a source
near the Azufre crater, but clearly post-date it because the flows drape large
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glacial valleys cut through the Azufre section to the south and east (Figure 2).
Peteroa flows also drape a ridge from Volcan Planchon to the north. Peteroa
andesite flows are sometimes only preserved along ridgecrests, and have been
eroded by recent summit glaciations that leave moraines above 2500 m. Within
the summit amphitheater, two phreatomagmatic explosion pits (100 m diam., 70
m depth) and a possible third explosion pit suggested by a 100 m diameter
spiral crevasse in the summit ice, attest to the explosive character of recent
Peteroa events. Shattered glass from a dacite plug is the only possible
igneous product associated with these pits. A 1937 eruption (Moreno Roa,
1974) produced a small pyroclastic cone and lava flow, completely enclosed
within the summit amphitheater.
The pre-1937 mafic andesite lavas have 20-40% phenocrysts, about 70% of
which are plagioclase, 20% olivine, and 10% clinopyroxene and oxide. The
1937 flow is petrographically complex. Plagioclase is variably zoned and
contains dusty zones and frequent melt inclusions, attesting to a vigorous
system wherein conditions of crystallization were rapidly changing. Chemically,
Peteroa lavas seem to be mixtures of basaltic andesite and rhyodacite. The
lavas begin to fill the "andesite gap" of the earlier Azufre bimodal volcanism
(Figure 4). These flows may be signalling a new style of activity, different from
that of Azufre and Planchon. Mixing and subsequent eruption of andesites may
replace the earlier bimodal basalt-dacite assemblage.
Hydrothermal Activity
At least three warm spring fields (up to 400 C at Bahios Azufre) surround the
center. One of the explosion pits in the summit amphitheater contains a
steaming lake with an acidic, sulfurous odor (Figure 2). This lake was present
in the summers of 1986 and 1987, and is visible in 1955 airphotos. In 1987,
near the source of the 1937 Peteroa lava flow, a new fumarole field appeared
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(Moreno Roa and Tormey, 1987). Covering a 150m2 area, it has 40-50 active
vents, each about 20 cm diameter. The vents eject jets of white vapor several
meters high, and with no wind the rising plume reaches 300m. The vapors
have a strongly acidic, sulfurous odor. The 1937 lava flow is now partially
covered by hydrothermal salt deposits from these fumaroles; hence, this is the
first time since at least 1937 that a fumarole field of this size has been active in
this part of the summit area. The new fumarolic activity indicates magmatic
activity, either magma rising closer to the summit area, or increased fracturing of
surrounding rocks to provide access of water to hot rocks. As the steaming lake
is unchanged between 1986 and 1987, the latter explanantion is more likely.
Hazard Assessment
The Azufre-Planchon-Peteroa volcanic center is in remote backcountry of
the Andes, 55 km from the nearest village (Los Quenfes). Small ash eruptions
are of concern for the nearby Chilean and Argentine military bases. Villages
and towns built in the floodplain of the Rio Claro and Rio Teno are vulnerable to
large mud flows and debris avalanches, and to volcanic-induced flooding of the
Lagunas de Teno.
The 9 km3 Rio Teno Debris Avalanche 10,000 years ago removed a large
volume of the unstable Planchon cone. Future debris avalanches would be
smaller in volume, probably less than about 3 km3. Both the current
hydrothermal activity and recent eruptive activity is concentrated in the old
summit amphitheater, hence direct volcanic products would travel the same
path as the prehistoric debris avalanche: along the Rio Claro, then the Rio Teno
to the populated Central Valley. However, since future debris avalanches
should be small volume, they should cause no more difficulty than the annual
flooding of the Rio Teno.
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A catastrophic event would be flooding of the Lagunas de Teno by collapse
to the north of the remnants of Volcan Planchon. This possibility is very remote,
however. The ediface of Planchon is a relatively stable pile of lava and well
indurated pyroclastics that has been decimated by the large debris avalanche
and summit glaciation. The focus of current activity is 1-3 km south of Planchon,
hence not very threatening to the lake.
Peteroa's eruptive activity is explosive. Ash eruptions would be directed east
by prevailing winds; a large eruption such as the 1846-47 Quizapu eruptions
(Hildreth and Drake, 1983, 1988) would be dangerous to towns. The biotite
rhyodacite pumice eruption about 10,000 years ago was such an event. The
recurrence of a similar eruption is probably far in the future, since no similar
eruptions are recorded in the center's history.
Volcan Peteroa is active, with a growing hydrothermal field. However, its
remote location makes small lava or ash eruptions benign; the possibility of
debris avalanches and floods is the main concern. Since much of the ediface
has been removed by past debris avalanches and glaciation, the risk due to a
catastrophic event is low.
Implications For Compositional Gaps
Compositional gaps occur in variety of tectonic environments and
thermochemical regimes. In different regimes, different factors control what
compositions are erupted. Several Southern Volcanic Zone volcanoes have an
andesite gap, including Puyehue, Villarrica, and Osorno. The regime of Volcan
Azufre -- small volume flows of basaltic andesite with two intervals of small
volume, aphyric dacite flows, low pressure fractional crystallization to generate
the dacites, and no evidence of mixing or liquid inhomogeneity in the dacites --
suagest a rheological control on erupted compostions.
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With increasing crystallinity, a magma's yield strength increases gradually
until it reaches a critical crystal content (about 50%) at which the crystals form
an interconnected network (Marsh, 1981) (Figure 5). Above this critical
amount, yield strength increases rapidly with crystallinity until another critical
crystallinity (about 85%) is reached. Above this second critical crystallinity the
magma behaves as a solid and the yield strength again only increases
gradually with increasing crystallinity (van der Molen and Paterson, 1979).
As crystallinity increases, a magma becomes gradually more viscous and
less probable to erupt (Marsh, 1981). From 0 to approximately 50%
crystallization, variable amounts of crystal-melt separation lead to magmas with
a range of compositions from basalt to basaltic andesite (Figures 4 and 6). At
crystallinities between approximately 50% and 85%, the magma is viscous
enough to prohibit eruption of the bulk magma, and the crystal-liquid mush
cannot fracture and allow liquid to separate. The magma cannot erupt, so the
liquid line of descent is unsamplable; the compositional gap has begun.
Magma cannot erupt until the second critical crystallinity is reached, and the
crystal-rich magma behaves as a solid. In particular, the magma's yield
strength is high enough to support a pressure gradient, caused by an open
fracture or a slip plane. Residual liquid will flow out of the crystalline matrix
towards the low pressure end of the gradient (the fracture) and erupt as an
aphyric dacite or rhyolite. The compositional gap has now closed, and the
evolving magma can again be sampled by eruption (see Figure 6 for a
summary).
The ability of the residual silicic liquid to separate and erupt depends on the
permeability of the matrix and on the velocity of the separating liquid. Data
reviewed in Maaloe and Scheie (1982) indicate the matrix will be permeable to
at least 95% crystalline, and the calculation below uses McKenzie's (1987)
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Figure 1-5: Yield strength of magma versus melt fraction (1=all melt, O=all
solid), adapted from van der Molen and Paterson (1979). High melt fraction
interval of the sigmoidal curve is from theory and experiments on crystal-liquid
suspensions. Low melt fraction interval is from melting experiments on granites.
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Figure 1-6: Schematic diagram of crystallizing resevoir, black areas are
crystalline, white areas are liquid. Crystals that adhere to the walls fractionate
from the liquid and generate compositional diversity, others remain in
suspension and do not change the bulk composition of the magma. At 5%
crystals, the magma is fluid enough to erupt as a crystal-liquid suspension. At
50% crystals, the magma is too viscous to erupt. At 90% crystals, the magma
has acquired a yield strength and can support a pressure gradient. Residual
liquid will flow out of the crystalline matrix towards the low pressure end of the
gradient, where it is available for eruption as an aphyric lava.
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formulation to calculate matrix permeability. The problem of liquid separation
velocity differs from compaction-driven melt extraction in the mantle, in that this
crustal melt extraction process is driven by flow towards a fracture in response
to a locally high pressure gradient. An order of magnitude estimate of the fluid
flow velocity can be obtained through consideration of one dimensional, low
Reynolds number flow in a porous medium using Darcy's Law (Wickham,
1987):
K 7P
v= ----
a203
In this equation, v=fluid velocity, K=permeability= -------- (McKenzie, 1987)
1000 (1-0)2
a=mean radius of matrix crystals=5 mm, VP=pressure gradient=50 MPa/m,
g=viscosity= 104 Pa s and o=porosity=. 15.
These values are poorly known, but for the above values we obtain a velocity in
one dimension of 125 m/year. The scale of this extraction mechanism is
therefore limited to small volume flows and domes, as at Azufre and most other
SVZ volcanoes. That such a separation process occurs is shown by "tension
gashes" and aplite dikes in plutons (Hibbard and Watters, 1985), segregation
veins in basalt flows (Anderson et al.,1984), and segregation of evolved liquid
into drill holes through Hawaiian lava lakes (Wright and Fiske, 1971).
This scenario for the bimodal suite of Azufre requires that the magma supply
rate be low enough to allow high degrees of crystallization without disruption by
new inputs of liquid. With a warmer crust or higher magma supply rate, new
inputs of liquid will interact with earlier batches and produce mixed magmas of
intermediate (andesite) compositions and variable crystal contents. Volcan
Peteroa appears to be entering this evolutionary stage. Compositional gaps in
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larger volume systems with significant crustal residence times, such as caldera-
forming ignimbrite systems, cannot be caused by the small volume mechanism
outlined here.
Summary
Figure 7 is a series of cross sections at different times along line A-A' (Figure
2) that illustrate the growth of Azufre, Planchon, and Peteroa. Figure 7a shows
the bimodal Volcan Azufre. A low magma supply rate allows individual batches
to develop without being disrupted by and mixing with later batches. Eruption of
andesite is inhibited by 50-85% crystallinities, leading to an andesite gap. The
eruption of dacite occurs when a batch is crystalline enough to support a
fracture. In Figure 7b, Volcan Planchon has been built of basalt and basaltic
andesite. The sheet-like flows suggest relatively rapid construction. Figure 7c
shows the horseshoe-shaped amphitheatre left by the Rio Teno Debris
Avalanche. In Figure 7d, the cone of Volcan Planchon II was built after the
debris avalanche by eruption of Planchon-type basalt. Finally, Figure 7e is the
present day cross section through A-A' of Figure 2. The edifice of Planchon II
has been partially destroyed. Volcan Peteroa's magma reservoir erupts mixed
magmas from scattered vents.
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Figure 1-7: A series of cross sections through time along the line A-A' in Figure
2. No vertical exaggeration. See text for summary of activity.
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CHAPTER TWO
Geochemistry of the Active Azufre-Planchon-Peteroa
Volcanic Center (350 15' S, Andean Southern Volcanic Zone),
Evidence for Multiple Sources and Processes Contributing to
the Development of a Cordilleran Arc Magmatic System
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ABSTRACT
The Azufre-Planchon-Peteroa Volcanic center is a coalescing group of 3
volcanoes less than 0.55 m.y. located at 350 15' S in the Southern Volcanic
zone of the Andes. Azufre is the oldest and largest volcano; it is a multi-cyclic,
bimodal, basaltic andesite-dacite stratovolcano. Planchon is the northernmost
basaltic volcano along the volcanic front, and it grew relatively rapidly. Peteroa
is the most recent center, and erupts mixed magmas of andesitic and dacitic
composition.
Basaltic andesites of Azufre and Planchon are related by a plagioclase-
poor, anhydrous fractionating mineral assemblage; high alumina basalt is
produced from tholeiitic precursors by an 8 kbar fractionating assemblage.
During the high pressure crystallization, small degree crustal partial melts rich
in Rb, Cs, Th, and La/Yb contaminate evolving magmas. Azufre dacites form at
low pressures via a plagioclase rich fractionating assemblage. Dacites are
contaminated in the upper crust by limestone and partial melts of igneous
country rock that increase 87Sr/86Sr, o-018, Rb, Cs, and Th in evolving magmas.
Two depths (upper and lower crust) of contamination are evident in the
Planchon-Azufre system, with 10-15% crust incorporated in each environment.
Bimodal compositional variation and aphyric dacites at Azufre may be
controlled by the rheology of crystal-liquid suspensions. At intermediate
crystallinities, magma is too viscous to erupt and andesite compositions are not
represented. At high crystallinities, the magma can fracture and maintain a
pressure gradient, allowing separation of aphyric dacite. A low magma supply
rate is required so that individual magma batches are not disrupted by new
inputs as they evolve.
Peteroa andesites and dacites are calc-alkaline and form largely through
magma mixing. The volcanic system has changed from tholeiitic basalt-dacite
(Planchon-Azufre) to calc-alkaline mixed andesite (Peteroa). Waxing and
waning magma supply rate may control the transition.
INTRODUCTION
Possible sources for arc magmas from the Southern Andes include
subducted oceanic crust and pelagic and terrigenous sediments, a probably
metasomatized mantle wedge, and a vertically and laterally heterogeneous
continental crust. Plate convergence and crustal growth have been occurring
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along the western margin of South America since the Jurassic, and much of the
continental crust and terrigenous sediments have themselves been derived
from subduction zone magmatism. The magmatic Andes is a system feeding on
its own children. Such subtle compositional complexity among magma
sources roquires both detailed studies, utilizing as many types of geochemical
and geological data as possible, of individual centers to determine temporal
variation at a fixed location, and regional studies to determine spatial variation
at a fixed time. This study considers a nest of three young volcanoes, Azufre -
Planchon - Peteroa, located at 350 15'S on the volcanic front of the Andes.
Stratigraphy plus major element, trace element, and isotopic data are ulsed to
identify distinctive source materials and processes of magmatic differentiation,
and to test physical models for the growth of this active volcanic system..
Present day volcanic activity in the Andes is divided into the Northern
Volcanic Zone (50N - 20S), Central Volcanic Zone (160S - 280S), Southern
Volcanic Zone (330S - 460S) and Austral Volcanic Zone (490S - 550S) (Figure
la). The continental crust beneath the volcanic front of the Southern Volcanic
zone gradually thickens from 30 km at 410S to 35 km at 370S, then rapidly
thickens to almost 55 km at 34.50S, then gradually thickens to 55 km at 330S
(Hildreth and Moorbath 1988). The changes in crustal thickness are reflected in
contrasting styles of differentiation from basalt to rhyolite in volcanoes. In the
thin crust segment south of 370S, studies of individual centers have noted more
variation in trace element and isotopic ratios among mafic rocks than among
silicic rocks, hence probably less crustal input (Gerlach et al. 1988, Hickey et al.
1988). in contrast, silicic rocks in the thick crust segment north of 34.50S have
evolved high 87Sr/86Sr and low 143Nd/ 144Nd and enrichments in incompatible
trace elements, hence probably include a large crustal contribution (Stern et al.
1984, Lopez-Escobar et al. 1986, Hildreth and Moorbath, 1988). Moderate
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Figure 2-1a: Location map showing South America and major tectonic features
of the oceanic and continental plates. Detail shows a portion of the Southern
Volcanic Zone, with centers studied in detail.
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pressure crystallization may determine compositional variation in the north, and
low pressure crystallization in the south (Hickey et al. 1986, Tormey, Chapter 3).
Regional studies have noted a predominance of a bimodal basalt - dacite
assemblage in the south and a mixed andesite assemblage in the north
(Moreno Roa 1974, Lopez-Escobar 1984, Hildreth and Moorbath 1988),
although mixed andesite centers also occur in the south. Azufre-Planchon-
Peteroa is located at 350 15' S (Figure la) in the middle of the transition region
of steep crustal thickness gradient between 370 and 34.50S. Its chemical
behavior is also transitional between the centers on thick crust to the north and
on thin crust to the south.
Planchon is the northernmost basaltic volcano along the front and its lavas
are related by moderate to high pressure crystallization. Planchon lavas record
the lower crustal and mantle history of the center. Assimilation of partial melts
from garnet bearing lower crust enriches Rb, Cs, Th, and La/Yb in developing
magmas without affecting isotopic systems. Azufre and Peteroa display
contrasting styles of crustal residence. Azufre is bimodal with no lavas between
57% and 63% SiO2, and lavas are related by fractional crystallization and small
amounts of assimilation. Andesitic magmas were too crystalline to erupt, but
fracturing of the nearly solidified magmatic mush allowed separation and
eruption of aphyric dacites. Volcan Azufre's dacites have been derived from
basaltic andesites by low pressure fractional crystallization, and are lightly
contaminated by upper crustal rocks including an isotopically (Sr and 0)
distinctive limestone. The dacites record the integrated effects of both lower
crustal (as for Planchon lavas) and upper crustal contamination. Peteroa has
no lavas less that 55% SiO2, and the magmas are clearly mixed. A
fundamental change in the magmatic system has occurred, probably an
increase in the magma supply rate leading to greater interaction among
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variably evolved magma batches. Peteroa dacites and rhyodacites are calc -
alkaline according to the definition of Miyashiro (1974), while Azufre dacites are
tholeiitic. The transition from bimodal and tholeiitic (Azufre) to andesitic and
calc-alkaline (Peteroa) is reversed at several centers within the Southern
Volcanic Zone, with older volcanoes andesitic and recent ones bimodal.
Waxing and waning supply rate leads to the distinctive styles of compositional
variation.
Detailed study of Azufre - Planchon - Peteroa, transitional geographically
and chemically between the extremes of variation in the Southern Volcanic
Zone, provides illustrative examples of many of the styles of compositional
variation observed within the entire southern Andes. Because the center's time
span is short (less than 500,000 years) and its spatial extent is small (less than
10 km separate vents), only parameters that vary within these constraints can
control compositional variation.
STRATIGRAPHY AND GEOLOGIC HISTORY
The stratigraphy and geologic history discussed in Tormey (Chapter 1) is
summarized here. To identify samples, a letter code denotes the volcano
(Azufre = AZ, Planchon = PL, Planchon II = PLII (a second phase of Planchon
activity), and Peteroa = PT) and the number following the letters denotes
relative age among flows of that volcano, with 1 being oldest and 35 being
youngest. Planchon samples are further divided into 3 geochemically and
stratigraphically distinct groups by either a 1, 2, or 3 preceding the PL. Hence,
1PL 19 is a sample from Group 1 of Planchon, of intermediate stratigraphic age.
In the vicinity of Azufre-Planchon-Peteroa, the oldest rocks exposed are
Cretaceous marine sediments (Davidson and Vicente, 1973), mostly pure
limestone with thin silty intervals. A voluminous Tertiary lava section, with
compositions ranging from basalt to rhyolite (Haller et al., 1985; Llambias and
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Rapela, 1987) overlies the marine rocks. The entire assemblage has been
variably folded, and cut by mid-Tertiary granodiorite plutons (Figure 1).
Tectonic reconstructions imply at least Paleozoic and perhaps Proterozoic units
underly the exposed Mesozoic-Tertiary section (Ramos et al. 1986, pers. comm.
1988).
The earliest and largest volcano of the active center, Volcan Azufre, includes
30 km3 of glaciated lavas, pyroclastics, and lahars (Figure 1). Undeformed
"basement" flows to Volcan Azufre probably come from slightly older nearby
volcanoes. A 0.55 my K-Ar whole rock date on a probable pre-Azufre mafic
andesite flow reported in Hildreth et al. (1984) provides a lower age limit on the
center. The relative volumes of Azufre lavas are about 70% basaltic andesite
and 30% dacite using the classification of Peccerillo and Taylor (1977) (Figure
2); andesite compositions between 57% and 63% SiO 2 are missing. Dacites
erupted during at least 2 intervals, separated by more voluminous basaltic
andesites, lahars, and pyroclastics. The first dacite ir,*,rval is 6 consecutive,
massive flows, each about 0.001 km3 in volume (AZ 7- AZ 12). The absence of
sedimentary deposits between flows implies a short time interval between
extrusions. The second dacite interval is preserved as a dome (AZ 18) capping
Cerro Azufre (Figure 1). Dacites are tholeiitic according to the classification of
Miyashiro (1974 (Figure 3).
After about 75% of Azufre's activity, Volcan Planchon began growing 6 km
north of Azufre (Figure 1). Planchon comprises 25 km3 of basalt and basaltic
andesite lavas (Figure 2) and well indurated near vent pyroclastics. Its lavas
are transitional between tholeiitic and calc-alkaline according to the
classification of Miyashiro (1974) (Figure 3). The degree of glacial and volcanic
dissection of the edifice is sufficient to demonstrate absence of silicic
differentiates as dikes or plugs beneath the outer apron of flows. Planchon is
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Figure 2-1b:Map of Azufre, Planchon, Peteroa, and surrounding region. White
areas near summits are snow, and at lower elevations are soil cover. Within the
summit amphitheater between Planchon and Peteroa: F=fumarole field,
L=steaming crater lake.
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Figure 2-2: K20-SI0 2 classification diagram, after Peccerillo and Taylor (1977).Planchon lavas are basalts and basaltic andesites, Azufre is bimodal with
basaltic andesites (and one 57% SiO2 andesite) and high K dacites. High K
content in evolved lavas is characteristic of lavas from the northern part of the
Southern Volcanic Zone. Peteroa lavas do not fall below 55% SiO2, evolved
rocks are high K andesites and dacites.
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Figure 2-3: SiO2-FeO*/MgO classification diagram, after Miyashiro (1974).
Azufre and Planchon lavas are tholeiitic or transitional towards calc-alkaline.
Evolved lavas of Peteroa, in contrast, are calc-alkaline.
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the northernmost basaltic volcano along the front of the Southern Volcanic
Zone. The flows of Planchon are sheet-like and do not obviously fill
topography, suggesting growth of the volcano was not interrupted by glaciation
and that flows were not channelized. Most flows have oxidized tops and
brecciated bottoms, but lack clear sedimentary horizons as partings.
Construction of the Planchon edifice was therefore rapid enough to prevent
deep erosion during growth, but slow enough to allow complete cooling of
individual lavas and development of compositional variability among lavas.
Later glacial and lahar dissection of the young cone provides stratigraphic
control for samples (Figure 1).
About 10,000 years ago (Moreno Roa, pers. comm.) a 300 sector of Planchon
and part of Azufre collapsed. The resulting debris avalanche travelled 75 km
west down the Rio Claro and then the Rio Teno drainages before debouching
into the Central Valley and forming a hummocky deposit (Davidson, 1974,
MacPhail, 1973). A new edifice, Volcan Planchon II, was built within the
amphitheater formed by the debris avalanche (Figure i). It has been dissected
by summit glaciers and later explosive volcanic activity of Volcan Peteroa, but
outlines of Planchon II are preserved as ramparts of radially dipping lavas.
Planchon Il's volume is 5 km3, and the basalt to basaltic andesite lavas are
similar to Planchon (Figures 2 and 3), with a higher proportion of near - vent
pyroclastics. Planchon II is the continuation of Planchon activity after the
catastrophic debris avalanche.
Volcan Peteroa comprises the most recent activity and consists of scattered
vents between Azufre and Planchon with less than 1 km3 of preserved lavas
and pyroclastics. The lavas have not yet built a cone. A series of at least four
Peteroa mafic andesite flows have a source near the Azufre crater (Figure 1).
Holocene biotite rhyodacite pumice (PT 6, PT 6b) lies on the eastern flank of
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Azufre, with a source in the amphitheater between Planchon and Azufre
(Figure 1). Shattered glass from a blotite dacite plug (PT 7) overlies pumice and
was probably the final stage of the pumice eruption. A 1937 eruption (Moreno
Roa, 1974) produced a small pyroclastic cone and lava flow (PT 9) completely
enclosed within the summit amphitheater. Also within the summit amphitheater,
two phreatomagmatic explosion pits (100 m diameter, 70 m depth) and a
possible third explosion pit suggested by a 100 m diameter spiral crevasse in
ice attest to the explosive character of recent Peteroa events. An expanding
solfatara field (Moreno-Roa and Tormey, 1987) demonstrates that the magmatic
system is active.
MINERALOGY AND PETROGRAPHY
Planchon I and II
Lavas from Volcan Planchon are basalts and basaltic andesites containing
phenocrysts of olivine, plagioclase, oxides, and rare clinopyroxene. All
Planchon lavas are remarkably similar petrographically. Plagioclase
constitutes 60-80% of most phenocryst assemblages, with olivine and small
percentages of clinopyroxene making up the remainder (Table 1).
Glomerocrysts of olivine and plagioclase occur in some lavas. Groundmass
textures are usually intersertal olivine, oxides, clinopyroxene and rare pigeonite
within laths of plagioclase. Rare xenoliths of near-vent cinder are incorporated
into lavas during eruption.
The order of crystallization in Planchon lavas determined by petrography and
modes is near liquidus olivine and plagioclase, with clinopyroxene appearing
after about 20% crystallization. Plagioclase-rich phase proportions are
consistent with 1 atm experiments on similar calc - alkaline (Grove et al. 1982)
and tholeitiic (Gust and Perfit, 1987, Grove and Bryan 1983, Tormey et al. 1987)
compositions (Table 1, Figure 4). The long interval of plagioclase - only
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Modal analyses based on 500 - 1000 points
Sample
I PL24
IPL16
1PL17
1PL25
1PL18
1 PL19
3PL8
3PL9
3PL5
1 PL26
3PL4
1PL20
1 PL11
1 PL2
1PL3
1PL12
1PL13
2PL28
2PL29
2PL27
1PL22
1PL21
1PL23
1 PL15
1PL30
2PL0
77.7 :6.6 : 14.7 : 1
73.2 :9.7 :17.1
75:7:18
75.4 :8.2 :16.2 : 0.2
83.1:7:9.7:0.2
81:3:16
83:1 :16
82:1 :17
86: 2:12 :TR
65.9 :5.2 :27.1 :1.8
Glass:Olivine:Plagioclase:ClIInopyroxene
84:10:6
82:10:9: TR
83:8:9: TR
82:9:9
72 :7 :21
72:7:21
62.8 :7.6 : 29.2 : 0.4
63.2 :7.3 :28.4:1.1
80:4:16
64.9 :7.4 : 27.5 : 0.2
56.2 : 10.5 : 33.3 : TR
90:4:6
77.7 :6.7:15.6
57.7 : 9 : 32.5 :0.8
78:6:16
76.4 :5.4 :18.2
72 :6:21
81 :4:15
81 :5:14: TR
76:5:19
80:5:15
71:5:24
78:5:17
75: 5:20: TR
79 :3.8 :17.2 : TR
79.6 :4.3 :16.1
30 : 66 : 4
36 : 64
28:72
33 : 66: 1
41:58:1
16:84
6: 94
6:94
14:86
15:80:5
Table 2-1
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OIIv:Plag:Cpx
63:37
53 :47: TR
48:52: TR
50 :50
25 : 75
25 : 75
21: 78 : 1
20 : 77 :3
20 : 80
21: 78 : 1
24 :76 : TR
40: 60
30 : 70
21 :77:2
27:73
23 : 77
22: 78
21:79
26 :74 : TR
21:79
25 :75
17: 83
23:77
20 :80: TR
18:82:TR
21 : 79
PLII 7
PLII 8
PLII 3
PLII 1
PLII 4
PLII 9
PLII 5
PLII 6
PLII 8
AZ 6
Figure 2-4: Comparison of Planchon modal abundances (dashed field) and
modes determined in 1 atmosphere experiments (shaded field). Four Planchon
lavas have anomalously high olivine phenocryst contents (compare to Figure 7)
and are olivine accumulates. Other Planchon modes are the same as
determined in low pressure experiments, suggesting Planchon phenocrysts
grew at shallow crustal levels. 1 atm experimental modes from Grove et al.
1982, Grove and Bryan 1983, Tormey et al. 1987.
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crystallization followed by clinopyroxene and then olivine, determined for very
high A1203 (19-20%) and low MgO (5-6%) starting compositions (Baker and
Eggler, 1986, Johnston, 1986), differ from the Planchon sequence. Planchon
basalts have 17% A1203 and 7% MgO, typical of Southern Volcanic Zone
basalts, while the very high A1203 basalts studied by Baker and Eggler (1986)
and Johnston (1986) may be plagioclase accumulates (Crawford and Falloon,
1988). The phase proportions in Planchon lavas are characteristic of low
pressure crystallization.
Olivine
Olivines are euhedral or subhedral, 0.5 to 3 mm diameter, and crystallize as
single crystals or as glomerocrysts with plagioclase. Compositions rangie from
Fo8ss to Fo56 (Table 2); the range can be found in normal zoning profiles of
large grains. Fe-Mg Kd's (Kd= (Fecrystal x Mgliq)/ (Feliq x Mgcrystal)) for core -
whole rock are .25 - .33 (Table 2), and imply the crystals grew in equilibrium
with the whole rock liquid composition (equilibrium = 0.28 - 0.30, Roeder and
Emslie, 1976; Grove et al. 1982, Baker and Eggler 1983). Compositions of
olivine rims and groundmass olivines used to calculate mineral - whole rock
Kd's can reach 1.4, and are not in equilibrium with the whole rock composition.
During closed system crystallization without separation of crystals, the whole
rock composition records the initial magmatic liquid composition, and only the
cores of first formed olivines will have equilibrium mineral - whole rock Kd's.
With higher degrees of closed system crystallization (within sample
differentiation of Bryan et al. 1981, Staudigel and Bryan 1981), the more Fe -
enriched olivine zones, in equilibrium with the evolved groundmass
composition, will have a higher mineral - whole rock Kd. The observed range of
olivine compositions can be generated by the amount of within sample
differentiation, (up to 45% indicated by modes, (Table 1)), and does not require
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OlMne Compositional Data
AZ 17
core
38.1
0.05
0.07
24.4
0.40
38.1
0.18
0.09
0.12
101.4
74
0.34
rimn
36.7
0.00
0.02
31.2
0.59
30.7
0.20
0.00
0.02
99.4
64
0.52
AZ 6
core
37.5
0.00
0.02
27.2
0.50
34.7
0.17
0.01
0.01
100.1
69
0.41
Volcan Peteroa
PT 4
core
38.8
0.03
0.06
20.3
0.28
41.2
0.14
0.09
0.13
100.9
78
0.22
Volcan Azufre
core
36.8
0.03
0.06
30.8
0.54
32.6
0.21
0.09
0.05
101.1
65
0.50
extreme rim
35.9
0.01
0.00
37.1
0.80
26.4
0.21
0.00
0.00
100.3
56
0.73
rim
36.3
0.04
0.06
30.5
0.59
32.1
0.20
0.08
0.06
100.0
65
0.43
core
37.5
0.05
0.06
26.3
0.42
35.9
0.17
0.09
0.02
100.5
71
0.38
groundmass
33.5
0.00
0.03
47.0
1.10
17.6
0.28
0.00
0.00
99.5
40
1.38
PT 9
reacted
38.7
0.03
0.32
21.6
0.45
39.4
0.21
0.07
0.04
100.9
76
0.32
Sample
Phase
SI02
Ti02
A1203
FeO
MnO
MgO
CaO
Cr203
NiO
Total
Fo
Fe/Mg KD
groundmass
39.3
0.39
1.31
28.3
0.91
27.7
1.14
0.03
0.06
99.2
64
0.59
Table 2-2
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dm
35.0
0.11
0.06
40.0
0.74
24.5
0.29
0.11
0.02
100.8
52
0.86
AZ 16
core
38.0
0.05
0.07
24.5
0.40
36.9
0.19
0.07
0.03
100.6
72
0.32
Si02
Ti02
A1203
FeO
MnO
MgO
CaO
Cr203
NiO
Total
Fo
Fe/Mg KD
rim
37.2
0.05
0.07
29.0
0.48
33.9
0.21
0.09
0.02
101.0
68
0.40
PT 6
core
37.9
0.05
0.01
26.4
0.44
36.3
0.25
0.09
0.09
101.6
71
0.20
SiO2
Ti02
A1203
FeO
MnO
MgO
CaO
Cr203
NiO
Total
Fo
Fe/Mg KD
Olivine Compositlonal Data (continued)
Volcan
Sample
Phase
SO02
Ti02
A12C03
FeO
MnO
MgO
CaO
Cr203
NiO
Total
Fo
Fe/Mg KD
Si02
Ti02
A1203
FeO
MnO
MgO
CaO
Cr203
NiO
Total
Fo
Fe/Mg KD
Planchon
1PL24
core
39.1
0.01
0.03
16.6
0.24
43.5
0.17
0.02
0.21
99.8
82
0.38
3PL9
core
39.40
0.02
0.0
17.70
0.3
43.10
0.16
0.00
0.2
101
81.00
0.31
rim
37.6
0.05
0.07
25.7
0.41
36.4
0.24
0.02
0.10
100.6
72
0.71
rim
37.30
0.04
0.1
25.30
0.6
36.20
0.19
0.02
0.0
100
72.00
0.53
Si02
Ti02
A1203
FeO
MnO
MgO
CaO
Cr203
NiO
Total
Fo
Fe/Mg KD
groundmass
35.2
0.10
0.08
36.6
0.66
26.5
0.33
0.01
0.12
99.6
56
1.39
2PL29
core
37.90
0.01
0.1
24.00
0.4
37.20
0.21
0.01
0.1
100
73.00
0.43
2PLIO
core
38.50
0.00
0.0
18.90
0.3
41.20
0.16
0.00
0.2
99
80.00
0.25
1PL18
core
39.3
0.00
0.04
14.6
0.18
44.9
0.15
0.02
0.18
99.3
85
0.28
1PL23
core
38.40
0.00
0.0
21.80
0.3
40.00
0.16
0.00
0.1
101
77.00
0.35
rim
38.1
0.00
0.03
22.8
0.37
38.6
0.19
0.00
0.09
100.1
75
0.50
rim
37.90
0.01
0.0
24.00
0.4
37.50
0.26
0.03
0.1
100
74.00
0.42
groundmass
37.40
0.04
0.1
26.90
0.4
35.10
0.33
0.01
0.0
100
70.00
0.50
rim
38.10
0.01
0.0
20.90
0.4
39.70
0.16
0.01
0.1
99
77.00
0.29
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Olivine Compositional Data (continued)
Volcan
Sample
Phase
SI02
T102
A1203
FeO
MnO
MgO
CaO
Cr203
NIO
Total
Fo
Fe/Mg KD
SiO2
Ti02
A1203
FeO
MnO
MgO
CaO
Cr203
NiO
Total
Fo
Fe/Mg KD
Planchon
1 PL24
core
39.1
0.01
0.03
16.6
0.24
43.5
0.17
0.02
0.21
99.8
82
0.38
3PL9
core
39.40
0.02
0.0
17.70
0.3
43.10
0.16
0.00
0.2
101
81.00
0.31
rim
37.6
0.05
0.07
25.7
0.41
36.4
0.24
0.02
0.10
100.6
72
0.71
ridm
37.30
0.04
0.1
25.30
0.6
36.20
0.19
0.02
0.0
100
72.00
0.53
SiO2
TiO2
AI203
FeO
MnO
MgO
CaO
Cr203
NiO
Total
Fo
Fe/Mg KD
groundmass
35.2
0.10
0.08
36.6
0.66
26.5
0.33
0.01
0.12
99.6
56
1.39
2PL29
core
37.90
0.01
0.1
24.00
0.4
37.20
0.21
0.01
0.1
100
73.00
0.43
2PL1I
core
38.50
0.00
0.0
18.90
0.3
41.20
0.16
0.00
0.2
99
80.00
0.25
1PL18
core
39.3
0.00
0.04
14.6
0.18
44.9
0.15
0.02
0.18
99.3
85
0.28
1PL23
core
38.40
0.00
0.0
21.80
0.3
40.00
0.16
0.00
0.1
101
77.00
0.35
rim
38.1
0.00
0.03
22.8
0.37
38.6
0.19
0.00
0.09
100.1
75
0.50
rim
37.90
0.01
0.0
24.00
0.4
37.50
0.26
0.03
0.1
100
74.00
0.42
groundmass
37.40
0.04
0.1
26.90
0.4
35.10
0.33
0.01
0.0
100
70.00
0.50
rdm
38.10
0.01
0.0
20.90
0.4
39.70
0.16
0.01
0.1
99
77.00
0.29
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an open system. In contrast to the equilibrium cores in most samples, sample
1 PL 24 has no core Kd's less than .38 (Table 2), and may contain 1-5% excess
olivine; that is, the most magnesian olivines (Fo82) are too iron rich to be in
equilibrium with the whole rock composition (olivine accumulation increases the
mineral - whole rock Kd). High olivine core - whole rock Kd's are not a definitive
test of crystal accumulation, because the core may have reequilibrated with the
groundmass liquid composition through solid state diffusion. Correcting the
whole rock composition of 1PL24 by subtracting out the modal proportion of
olivine, and then recalculating the Kd reduces the value from .38 to .26.
Minerals in samples 1PL 16,1PL 17, and 1PL 25 were not analyzed, but these
lavas are compositionally similar to accumulative 1PL 24 and also have high
olivine phenocryst proportions (Figure 4). These four probably accumulative
samples have the highest MgO (7.56-8.70).
Some olivines have embayed margins, suggesting reaction with the liquid
phase. Backscattered electron images produced with the electron microprobe
do not show abrupt compositional breaks or reversals expected from mixing.
Highly phyric lavas have groundmass pigeonite (Table 3). As the evolving
groundmass liquid composition reaches saturation with low calcium pyroxene,
olivine phenocrysts will be resorbed as they react with the liquid (Cox et al.
1979). While embayed olivines indicate reaction with the evolved groundmass
composition, they are not sufficient to indicate a xenocrystic origin or an open
system.
Clinopyroxene
Rare clinopyroxenes form subhedral phenocrysts less than i mm diameter,
and are unzoned (Table 3). Coexisting groundmass augite and pigeonite
record temperatures of about 11000 C (Lindsley, 1983), probably the eruption
temperature.
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Pyroxene Compositional Data
Sample
Phase
S102
TO02
A1203
FeO
MnO
MgO
CaO
Na20
Cr203
Total
Fe/Mg KD
Volcan Azufre
AZ 17
cpx
48.5
1.81
3.24
15.3
0.39
13.3
16.8
0.41
0.04
99.8
1.03
AZ 7 glomero I
cpx
Si02 51.1
T102 0.47
AI203 1.74
FeO 11.1
MnO 0.49
MgO 14.2
CaO 19.3
Na20 0.31
Cr203 0.00
Total 98.7
Fe/Mg KD 0.20
AZ 6
cpx
51.0
0.70
1.51
12.9
0.46
15.8
16.4
0.23
0.02
99.0
0.42
coexist pig
52.1
0.25
0.93
22.0
0.82
22.0
1.6
0.01
0.00
99.8
0.25
Volcan Planchon
SiO2
TiO2
A1203
FeO
MnO
MgO
CaO
Na20
Cr203
Total
Fe/Mg KD
1PL24
gmdmss cpx
50.7
0.79
2.63
11.2
0.40
15.7
17.5
0.34
0.06
99.3
0.72
gmdmss opx
37.8
0.04
0.00
22.6
0.46
38.5
0.3
0.02
0.09
99.7
0.59
cpx
50.7
0.71
2.46
8.8
0.27
15.1
20.1
0.31
0.07
98.6
0.30
cpx
50.7
0.70
2.59
11.9
0.56
14.1
19.3
0.36
0.03
100.2
0.22
1PL18
gmdmss cpx
52.1
0.44
1.74
8.2
0.25
17.1
18.3
0.29
0.41
98.9
0.41
pig
51.9
0.35
0.52
21.0
0.74
20.5
3.7
0.04
0.00
98.8
0.53
coexist pig
53.1
0.27
0.97
21.8
0.90
22.9
1.6
0.02
0.03
101.5
0.24
3PL9
micropheno
51.8
0.65
2.49
9.6
0.36
16.7
18.3
0.33
0.48
100.7
0.44
Table 2-3
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AZ 16
cpx
51.4
0.82
1.92
14.5
0.43
16.2
14.7
0.27
0.05
100.3
0.42
co-exist pig
53.0
0.38
0.60
20.0
0.59
19.7
5.9
0.06
0.03
100.3
0.48
1PL23
gmdmss
51.4
0.73
2.47
10.5
0.32
16.4
17.8
0.32
0.17
100.1
0.42
Volcan Peteroa Pyroxene
Sample
Phase
SO02
TI02
A1203
FeO
MnO
MgO
CaO
Na20
Cr203
Total
Fe/Mg KD
cpx
52.1
0.59
2.20
8.5
0.28
16.2
19.9
0.32
0.40
100.4
0.30
PT 4
cpx
51.7
0.61
1.87
10.4
0.34
15.3
19.3
0.31
0.01
99.9
0.31
PT 7
cpx
56.3
0.71
2.78
10.1
0.31
14.9
20.0
0.36
0.03
100.5
0.25
cpx
51.4
0.78
2.27
10.7
0.36
16.0
18.0
0.33
0.19
100.1
0.39
PT 9
on reacted ol
54.6
0.48
1.06
14.7
0.50
27.9
2.1
0.03
0.13
101.4
0.30
coexist opx
53.7
0.30
0.95
19.0
0.72
24.8
1.4
0.03
0.03
100.9
0.28
opx
53.5
0.13
0.42
21.7
0.95
22.9
1.2
0.03
0.05
100.8
0.26
gmdmss cpx
51.7
0.99
2.74
9.2
0.50
15.4
18.1
1.12
0.08
99.8
0.34
opx
53.3
0.24
0.61
21.1
0.79
23.5
1.3
0.01
0.05
100.8
0.33
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cpx
52.1
0.65
1.90
10.4
0.40
15.9
18.9
0.31
0.04
100.6
0.24
lomero
cpx
53.0
0.23
0.82
9.5
0.51
14.9
21.2
0.38
0.04
100.6
0.17
Si02
Ti02
A1203
FeO
MnO
MgO
CaO
Na20
Cr203
Total
Fe/Mg KD
PT 6
SiO2
TiO2
A1203
FeO
MnO
MgO
CaO
Na20
Cr203
Total
Fe/Mg KD
coexist opx
53.6
0.31
1.19
19.2
0.68
24.9
1.4
0.01
0.00
101.3
0.28
opx
53.3
0.20
0.72
22.1
0.81
23.1
1.2
0.06
0.09
101.5
0.26
cpx
52.1
0.29
0.92
10.1
0.60
14.4
20.7
0.43
0.05
99.6
0.19
Because Planchon lavas are compositionally similar, clinopyroxene
appearance is more dependent on the lava's cooling time and percentage of
low pressure crystallization than on the initial bulk composition of the lava. Most
clinopyroxene - bearing Planchon lavas contain Mnore than 20% crystals (Figure
5), and presence of clinopyroxene is independent of lava composition as
measured by MgO content (Figure 5). The range of whole rock (=initial bulk
composition of lavas) compositions can be generated by about 20%
crystallization, while the range of phenocryst contents spans 45%
crystallization. The amount of closed system crystallization of individual lava
flows is greater than the amount of crystallization required to relate lavas to
each other, so clinopyroxene appearance is controlled by closed system, within
sample, differentiation.
Oxides
Spine! (most frequently magnetite) is the only oxide phase in Planchon
lavas, forming small, euhedral cubes and ameboid groundmass shapes.
Magnetite is present as a groundmass phase in all Planchon lavas (Table 4).
Coprecipitation of olivine and magnetite suggest relatively oxidizing conditions,
perhaps near the nickel - nickel oxide (NNO) buffer (Gust and Perfit, 1987).
Chromian spinel occurs as inclusions in olivine (Table 4). Natural and
experimental data on chromian spinels are difficult to interpret with certainty, but
low Cr# (Cr/(Cr + Al)) generally indicates high pressures (Dick and Bullen,
1984). Chromian spinel in Planchon lavas has relatively low Cr#(51-54), but is
also iron rich (Mg/(Mg + Fe2+)=.30-.34). Dick and Bullen (1984) refer to similar
spinels in Mt. St. Helens basalts as "ferroan spinels," and suggest they indicate
crystallization under oxidizing conditions. Planchon chromian spinels may be
remnants of high pressure crystallization under oxidizing conditions, or they
may be low pressure spinels that crystallized under oxidizing conditions.
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Figure 2-5: Clinopyroxene phenocryst contents of Planchon lavas plotted
versus total phenocrysts and MgO content of the lava. In the bottom diagram,
clinopyroxene occurs regardless of the MgO content of the lava. In the top
diagram, lavas with high phenocryst contents contain clinopyroxene. In these
compositionally similar Planchon lavas, clinopyroxene occurence depends on
the amount of low pressure crystallization (=% phenocrysts) and is independent
of the bulk composition of the lava (=MgO content).
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Oxide Compositions
Volcan Azkre
Sample AZ,glomerol gmmo II
Phase spinel ilmenie spinel ilmenite
S102 0.18 0.04 0.31 0.18
T102 17.5 47.6 15.5 45.8
A1203 2.19 0.26 2.68 0.15
FeO 73.5 46.8 74.0 48.0
MnO 0.66 0.73 0.77 1.27
MgO 1.37 3.02 2.61 3.41
CaO 0.086. 0.03 0.08 0.10
Cr203 0.04 0.02 0.15 0.13
NIO 0.01 0.01 0.10 0.12
Total 95.4 98.5 96.2 99.1
FeO 54.2 41.2
Fe203 21.4 36.4
New Total 97.6 99.8
T-1000oC, log f02m -10
Volcan Peteroa
AZ 6 PT 4 PT 9 PT 7 PT 6
spinel ilmenite spinel spinel spinel spinel
S102 0.23 0.17 0.00 0.21 0.00 0.00
T102 20.7 50.1 14.0 2.2 14.4 10.0
A1203 0.51 0.00 3.21 3.30 2.15 1.20
FeO 73.4 47.8 76.0 83.2 78.4 80.5
MnO 0.40 0.36 0.52 0.28 0.56 0.65
MgO 0.31 0.28 2.94 3.76 1.56 1.10
CaO 0.26 0.07 0.05 0.13 0.05 0.07
Cr203 0.04 0.01 0.24 0.09 0.19 0.23
NIO 0.00 0.00 0.15 0.06 0.10 0.12
Total 95.8 98.8 97.1 93.3 97.5 93.8
FeO 57.1 39.7 27.5 42.2 37.5
Fe203 18.1 40.3 61.9 40.3 47.8
New Total 97.6 101.2 99.5 101.5 98.6
Volcan Planchon
Sample 1PL24 3PL9 1PL23
Phase Cr-sp in ol grndmss spin Cr-sp in ol spinel spinel spinel
Si02 0.20 0.31 0.09 0.18 0.22 1.25
Ti02 1.38 16.80 0.91 5.96 20.30 17.90
AI203 23.3 1.7 25.4 7.7 2.3 2.0
FeO 35.5 72.2 33.7 59.1 61.4 71.3
MnO 0.28 0.47 0.36 0.51 0.63 0.36
MgO 10.8 1.9 10.5 3.9 3.2 1.1
CaO 0.03 0.22 0.00 0.02 0.1.0 0.24
Cr203 27.8 0.1 26.8 18.7 7.8 0.1
NiO 0.14 0.06 0.18 0.15 0.08 0.02
Total 99.3 93.6 98.1 96.2 96.0 94.3
FeO 25.4 52.5 20.0 31.5 44.2 54.7
Fe203 11.2 21.9 15.3 30.6 19.1 18.5
New Total 100.5 95.8 99.6 99.3 97.9 96.2
Table 2-4
Plylioclase
Plagioclase is the most abundant phenocryst phase (6-33%, Table 1). It is
euhedral to subhedral, 0.5 to 5 mm diameter, and crystallizes as single crystals
or as glomerocrystic clusters with olivine. Compositions vary from An83 to An56,
and this range can be found in normal zoning profiles of large grains (Table 5).
Mineral core - whole rock Kd's (Kd= (Naliq x Cacrystal)/ (Nacrystal x Caliq)) are 2.3
- 4.9 (Table 5). Planchon plagioclases are more calcic than found in low
pressure experiements (Kd=1.2 in 1 atm experiments of Tormey et al. 1987).
Arc lavas characteristically contain calcic plagioclase (Gill, 1981) possibly
indicating elevated magmatic water contents (Kudo and Weill 1970). The
inference of fO2 near NNO based on coprecipitation of olivine and magnetite
may be related to the elevated water contents inferred from plagioclase
compositions.
Although most plagioclases in Planchon lavas are unzoned or normally
zoned, occasional plagioclases have oscillatory zoning and zones rich in
basaltic melt inclusions. Due to much slower coupled NaSi - CaAI diffusion in
plagioclase than Fe- Mg diffusion in olivine (Grove et al., 1984; Misner, 1977),
plagioclase records perturbations in crystallization conditions more completely
than other minerals. The melt - rich zones probably represent periods of rapid
growth in a supercooled condition (perhaps during eruption of a portion of the
magma) causing a breakdown of morphological stability and entrainment of
magma between growth limbs (Flemings, 1974; Lofgren, 1974; Langer, 1980).
Subsequent attainment of thermal equilibrium leads to normal growth and
isolation of the melt-rich zone. Thermal perturbations can cause a bifurcation of
normal crystallization into an oscillatory mode, producing oscillatory zoning in
plagioclase (Allegre et al., 1981). Plagioclases in Planchon lavas record
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Plagioclase Compositional Data
Volcan Planchon
Sample 1 PL24
Phase core rim
Si02 49.2 51.2
A1203 30.2 29.9
FeO 0.95 0.70
MgO 0.37 0.15
CaO 15.0 13.5
Na20 2.78 3.69
K20 0.14 0.15
Total 98.5 99.2
An 74 66
Ca/Na Kd 2.30 1.57
Sample
Phase
Si02
A1203
FeO
MgO
CaO
Na20
K20
Total
An
Ca/Na Kd
Sample
Phase
SiO2
A1203
FeO
MgO
CaO
Na2O
K20
Total
An
Ca/Na Kd
1PL18
core
48.2
32.5
0.56
0.16
16.0
2.37
0.08
99.8
78
2.52
1PL23
core
46.3
33.7
0.62
0.09
17.4
1.49
0.04
99.6
86
4.93
rim
49.6
30.8
0.54
0.11
14.5
3.06
0.08
98.6
72
1.77
core
47.1
33.1
0.57
0.11
17.1
1.83
0.04
99.8
84
3.95
Table 2-5
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rim
54.1
28.6
1.21
0.27
11.7
4.73
0.29
100.9
57
0.97
rim
53.4
28.1
0.74
0.13
11.8
4.50
0.29
99.0
58
1.13
rim
51.2
29.9
0.65
0.17
13.4
3.75
0.15
99.2
66
1.34
rim
53.1
28.7
0.82
0.14
12.2
4.39
0.24
99.6
60
1.17
grndmss
51.3
29.6
0.73
0.12
13.2
3.85
0.20
99.0
65
1.48
2PL29
core
51.4
29.8
0.75
0.13
13.1
3.94
0.22
99.4
64
1.62
2PL10
core
48.9
31.4
0.70
0.10
15.0
2.86
0.14
99.1
74
2.99
3PL9
core
52.1
30.0
0.75
0.11
13.1
4.02
0.19
100.2
64
1.27
rim
54.4
28.3
0.73
0.11
11.4
4.79
0.35
100.1
56
1.16
rim
53.4
28.5
0.65
0.12
11.8
4.68
0.26
99.4
57
1.44
Volcan Azufre Plagloclase
Sample AZ17 AZ6
Phase core rim core dmward rim
SO02 48.3 55.9 47.2 51.2 54.7
A1203 32.9 27.4 32.9 30.2 27.2
FeO 0.59 0.77 0.61 0.68 0.71
MgO 0.09 0.12 0.07 0.10 0.07
CaO 16.0 10.2 16.8 13.5 10.4
Na20 2.20 5.23 2.04 3.85 5.45
K20 0.08 0.35 0.07 0.12 0.33
Total 100.2 100.1 99.7 99.7 18.9
An 80 51 82 66 50
Ca/Na Kd 3.73 1.00 4.17 1.77 0.97
Sample AZ 16 AZ7
Phase core rim in glomero
SiO2 48.5 55.1 55.9
A1203 32.7 28.2 28.1
FeO 0.63 0.84 0.44
MgO 0.09 0.10 0.05
CaO 15.8 10.8 10.7
Na20 2.23 5.02 5.45
K20 0.07 0.30 0.31
Total 100.1 100.4 100.9
An 79 53 51
Ca/Na Kd 2.66 0.81 2.76
Volcan Peteroa
Sample PT 6
Phase glomero 1 glomero 2
SiO2 56.3 59.4
A1203 27.6 25.3
FeO 0.31 0.39
MgO 0.01 0.02
CaO 9.7 7.2
Na2O 5.83 7.23
K20 0.46 0.87
Total 100.3 100.5
An 47 34
Ca/Na Kd 3.46 2.08
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occasional periods of changing crystallization conditions during growth, but do
not require influx of new, compositionally distinct magmas.
Melt Inclusions
Melt inclusions occur within plagioclase and more frequently olivine. The
inclusions in olivines are about 100 microns in diameter, round, and completely
enclosed by the host olivine phenocryst. It is unlikely that the inclusions were
originally bubbles of immiscible melt that subsequently acted as nuclei for
olivine phenocrysts, because some olivines contain several distinct bubbles.
Melt inclusions in olivines have been observed in a variety of lavas (Anderson,
1974; Watson, 1976; Falloon and Green, 1986) and are common in Andean
lavas (Vergara, pers. comm. 1987). Planchon melt inclusions are unusual for
their high degree of crystallization. Assemblages are: melt, melt - oxide, melt -
oxide - plagioclase, melt - oxide - plagioclase - olivine - clinopyroxene, and melt
- oxide - clinopyroxene - amphibole (Table 6). The only occurrence of
amphibole is in these melt inclusions. Planchon inclusion compositions are
variable (Table 6) but high in A1203 and low in FeO and MgO. Either growth
within an olivine capsule or elevated water content has suppressed plagioclase
crystallization and led to aluminous residual liquids and aluminous amphiboles
(17%, Table 6). Glass analyses from amphibole-bearing inclusions total 95.7%
(Table 6); by subtraction (Melson, 1983) the residual glass compositions
contain about 4.3 wt. % volatiles. While the inclusions record a liquid line of
descent distinct from that recorded in the lavas, they provide an upper bound
(4.3 wt. %) on the water contents of amphibole-free Planchon and Azufre
magmas.
Azufre
Petrographically, basaltic andesites from Azufre are very similar to those
from Planchon. Olivine compositions range to lower forsterite content (Fo74 -
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Glass Inclusion Compositions
Volcan Peteroa
Sample PT 9
Phase in An50 plag
Si02
Ti02
A1203
FeO
MnO
MgO
CaO
Na20
K20
P205
Cr203
Total
60.1
1.97
11.2
11.1
0.34
3.85
4.49
1.88
4.04
0.53
0.03
99.5
Volcan Azufre
AZ 7
blob on plag
61.5
2.00
16.2
5.9
0.08
1.91
4.67
6.03
1.65
0.27
0.00
100.2
Volcan Planchon
1PL17
in Fo72 ol
amph bearing
61.5
0.38
20.7
1.1
0.14
0.25
5.04
4.86
1.48
0.32
0.04
95.7
3PL9 2PL29
in Fo81 ol in Fo82 ol
amph bearing
58.5 62.7
0.26 0.17
24.0 21.5
1.83 1.14
0.00 0.08
0.34 0.33
7.7 2.4
6.59 5.66
1.18 2.45
0.00
100.4
0.00
96.5
Table 2-6
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1PL17
amph
39.3
1.65
17.3
12.1
0.20
12.25
11.42
2.38
0.32
0.00
96.9
Sample
Phase
Si02
TiO2
A1203
FeO
MnO
MgO
CaO
Na20
K20
P205
Cr203
Total
1 PL18
in Fo85 ol
51.6
0.07
28.9
0.9
0.03
0.20
12.50
3.89
0.22
0.00
98.3
1PL18
in Fo85 ol
55.1
0.11
26.6
1.19
0.05
0.22
10.3
5.23
0.36
0.00
99.2
in Fo82 ol
66.5
0.16
22.5
1.01
0.10
0.27
2.2
4.57
1.99
0.00
99.4
Fo40, Table 2), and plagioclase compositions range to lower anorthite content
(An82 - An50, Table 5). Clinopyroxene is more abundant than in Planchon
lavas, but never more so than olivine (Table 1). Sample AZ 6 (3.7% MgO)
contains groundmass magnetite and ilmenite, but they yield an anomalously
low T - fO2. The lower MgO basaltic andesites have increased petrographic
complexity, with greater incidence of plagioclase zoning and embayed olivines.
Dacites from Azufre contain less than 8% unzoned phenocrysts of
clinopyroxene, orthopyroxene, plagioclase, magnetite, ilmenite, and apatite
(Tables 3, 4, 5, 7) in a glassy to cryptocrystalline groundmass. Crystals
generally occur as 1 cm diameter clusters that contain trapped melt, and have
crystal faces extending into the groundmass. Cluster assemblages are
plagioclase-clinopyroxene-oxide and plagioclase-clinopyroxene-
orthopyroxene-oxide-apatite. The clusters are plagioclase - rich, consistent with
low pressure crystallization (Grove et al. 1982, Grove and Baker 1984).
Clinopyroxene-whole rock Fe-Mg Kd's are .2 - .22, similar to 1 atm QFM
experiments (.23-.26, Grove and Baker, 1984; Grove and Bryan, 1983; Tormey
et. al., 1987), and orthopyroxene-whole rock Kd's are .24 - .25, similar to 1 atm
QFM equilibrium (.26 - .28, Grove and Baker, 1984). The slightly low pyroxene
Kd's could be due to elevated fO2 decreasing the Fe2+/Fe3+ in the liquid and
hence the effective FeO/MgO of the liquid (Bryan et al., 1981). Coexisting
pyroxene temperatures are 10000 - 11000 C (Lindsley, 1983), consistent with a
dacite eruption temperature. Magnetite and ilmenite coexist in the
glomerocrysts, and give T and fO2 of 10000 C, 10-9 (between NNO and QFM),
in good agreement with pyroxene temperatures and Kd's (Table 4).
Scarfe and Fuji (1988) interpreted similar clusters as xenocrystic, ripped from
conduit or chamber walls prior to or during eruption. However, Azufre
glomerocryst assemblages and crystal compositions are in equilibrium with a
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Apatite and Biotite Compositional Data
Volcan Azufre
AZ 7
apatite
0.00
1.26
0.55
0.32
52.8
39.8
PT 7
apatite
0.33
0.14
0.07
2.74
0.14
0.24
53.0
0.16
0.05
39.9
94.8
Volcan Peteroa
96.8
Table 2-7
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Sample
Phase
SIO2
TI02
A1203
FeO
MnO
MgO
CaO
Na20
K20
P205
PT 6
blotite
37.20
5.13
13.70
14.30
0.15
15.60
0.0
0.74
8.86
1
Total 95.5
dacitic liquid, so if they are xenocrystic the liquid that crystallized along the walls
must have been dacite as well. Evidence against a xenocrystic origin are that
clusters are distributed evenly throughout a flow, not concentrated in certain
areas such as flow margins, and that euhedral crystal faces rather than broken
angular faces extend into the groundmass. We conclude that the clusters are
large glomerocrysts of the equilibrium assemblage. On eruption of an aphyric
dacitic liquid at 10000 C, the large undercooling will provide a driving force for
solidification, but the high viscosity of the liquid is a barrier to nucleation
(Kingery et al.,1980), so once nuclei of any crystal form, the multiphase
assemblage will crystallize in a glomerocryst.
The lack of homblende in dacitic liquids provides an upper limit on the water
content of the liquids. Amphibole saturation depends on pressure and water
content of the magma, as well as the alkali content of the liquid (Cawthom,
1976). Water content of at least 5 wt. % is required to saturate amphibole
(Eggler 1972; Naney, 1983; Helz, 1973). Water contents of less than 5 wt. % in
Azufre magmas agrees with the water content infered for Planchon lavas from
amphibole-bearing melt inclusions in olivines. However, calcic plagioclase in
the lavas (Table 5) is consistent with the moderate water contents inferred from
the lack of amphibole (Merzbacher and Eggler, 1983).
Peteroa
Peteroa eruptive products define two petrographic types. First are a
homogeneous group of andesite flows from near the old Azufre crater region
(PT 1, 2, 3, 4) that contain phenocrysts of olivine, plagioclase, clinopyroxene,
and oxides (Tables 2,3,4,5). There are three types of plagioclase zoning in
individual andesite lavas (PT 4 in Figure 6): 1) sieve textured anorthitic (An74-
An79) and albitic (An50-An52) cores- intermediate (An47-An58) rims (Figure 6)
2) albitic cores - intermediate rims 3) normal zoning. Disequilibrium textures
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Figure 2-6: Anorthite content (scale on bottom) of plagioclase in three Peteroa
lavas; cores are above the axis, rims below. PT 4 has a trimodal core
population; albitic and anorthitic extremes are from the center of grains,
intermediate anorthite contents are from zones surrounding cores and from
cores of medium sized grains. PT 7 and PT 9 both have extreme core
compositions, with surrounding zones and cores of medium sized grains falling
at intermediate values. Bimodal core compositions are good indicators of
magma mixing.
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and bimodal or trimodal phenocryst populations in plagloclase (Figure 6)
indicate a role for mixing in their genesis (Dungan and Rhodes, 1978; Gerlach
and Grove, 1982). Magma mixing of basaltic and andesitic or dacitic
compositions will not produce exotic xenocryst phases (orthopyroxene in dacite
and olivine in basalt is the only mineralogic distinction between endmembers),
but will produce abrupt reversals in mineral zoning. Mixing of a magma and a
crustal melt, however, should leave xenocrysts. Mixing in Peteroa lavas is
evident in mineral zoning only; xenocrysts such as quartz, biotite, or chunks of
country rock are absent. Hence, mixing of magmas has probably produced
zoning in plagioclase from Peteroa. Extremes of plagioclase core compositions
(PT4, Figure 6) indicate one endmember is a dacitic liquid (corresponding to
albitic zones) and the other endmember was itself a mixed andesite (sieve
textured anorthitic and albitic cores). Rims evolve towards low or intermediate
anorthite contents (Figure 6).
The second petrographic type from Peteroa are extremely variable rocks
from the summit amphitheater area. Biotite rhyodacite pumice (PT 6) is the most
evolved composition, and along with biotite dacite dome fragments (PT 7) they
are mineralogically unique at this center because they are biotite - bearing
(Table 7). Both samples have abundant disequilibrium textures. PT 6 contains
a disequilibrium phenocryst assemblage (Eggler, 1972, Naney, 1983) of olivine,
biotite, two pyroxenes and complexly zoned plagioclase (Tables 2, 3, 7). The
pumice eruption represented by PT 6 and PT 6b produced banded rhyodacite
and dacite pumice late in the eruption, indicating that two distinct liquid
compositions were present simultaneously, either in a zoned chamber or
adjacent bodies. Dacite PT 7 is more phenocryst and xenocryst rich than Azufre
dacites, and has a wide range of plagioclase core compositions (Figure 6). The
1937 lava (PT 8, PT 9) is petrographically the most clearly mixed. Plagioclase
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core compositions are bimodal, with modes of An41 to An48 and Anas to An76;
rim compositions are intermediate, Anso to An67 (Figure 6). Large melt
inclusions in plagioclase (Table 6) are common.
Do Whole Rock Analyses Represent LIquids?
To use chemical analyses of phyric whole rocks as evidence for processes
affecting liquid compositional variation, the degree to which the whole rock
composition deviates from a liquid composition must be assessed. All samples
are petrographically unaltered and most are non-vesicular, minimizing the
possibility of low temperature remobilization of elements. However, samples
contain from 5 to 45% phenocrysts and may have accumulated crystals. The
whole rock analysis represents a liquid composition if the magma retains
minerals in their crystallizing proportions, that is, crystals do not fractionate.
Since chemical variation in a suite of volcanic rocks indicates that mineral
fractionation takes place, only crystals that form at low pressures just prior to or
during eruption can be routinely retained in equilibrium proportions. Though
crystal sorting acts during flow through conduits (Komar 1972, 1976) or along
flow margins (Staudigel and Bryan, 1981), interior portions of lava flows can still
retain crystals in their original proportions. Tests for crystal accumulation
include: petrography to identify xenocrysts or remnants of higher pressure
crystallization, comparison of modal abundances of minerals with elements
compatible in mineral phases that may be accumulative (Ni, MgO for olivine,
A1203 , Sr for plagioclase), and comparison of mineral compositions and phase
proportions to those produced in low pressure equilibrium crystallization
experiments.
Petrography identifies 1 PL 24, 1 PL 16, 1PL 17, and 1 PL 25 as probable
olivine accumulates because of the high proportions of olivine (Figure 4) and
olivine cores are too fayalitic for the lava composition (high olivine - whole rock
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Fe/Mg Kd's). Cores of other minerals in analysed lavas are near low pressure
equilibrium compositions (Tables 2,3,5). Figure 7 plots MgO, Ni, AI203 and Sr
versus modal percentages of olivine and plagioclase. Samples 1PL 16, 17, 25,
and 24 have high MgO, Ni, anomalously high olivine contents, and low AI20 3
and Sr (identified in Figure 7). They therefore appear to be olivine
accumulates, in agreement with their high modal proportions of olivine. Other
lavas do not show correlations between mineral proportions and composition
(Figure 7). Modes of Planchon and Azufre lavas resemble modes from low
pressure experiments (Figure 4), so the lavas have retained minerals in low
pressure equilibrium proportions and compositions. Crystals are either fine-
grained or quench glomenocrysts, hence too small to effectively segregate
(McBirney and Noyes, 1979).
Lavas from Volcan Peteroa are mixed, and because they contain
disequilibrium phenocrysts the whole rock composition is not a liquid
composition. Rather than trying to "correct" non-liquid compositions, we will not
use them in forming petrogenetic models. All other lavas will be treated as
liquid compositions.
Summary of Mineralogy and Petrography
Planchon and Azufre lava mineral proportions and compositions are similar
to those determined in low pressure experiments (Grove et al. 1982; Grove and
Bryan, 1983; Tormey et al., 1987), and disequilibrium textures are rare. From
this we conclude that the minerals in the lavas crystallized at low pressures,
probably in the summit region just prior to or during eruption. With the
exception of samples with accumulated olivine (1PL 24, 1PL 16, 1 PL 17, and
1PL 25), the minerals have been retained in their original proportions, without
subsequent sorting or crystal - liquid separation. In detail, within sample
differentiation (Bryan et al., 1981; Staudigel and Bryan, 1981) has left olivine,
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Figure 2-7: Elemental parameters characteristic of plagioclase (A1203 and Sr)
and olivine (MgO and Ni) plotted versus modal abundance in Planchon lavas.
1PL16, 1PL17, 1PL24, and 1PL25 (circled) have high Ni, MgO and olivine %,
and low A1203, Sr, and plagioclase %; they are olivine accumulates (compare
to Figure 4). Other lavas do not show correlations between modal abundances
and elemental parameters, indicating there has not been crystal accumulation.
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plagioclase, oxides and traces of clinopyroxene set in a iron-enriched bulk
groundmass composition that occasionally reaches pigeonite saturation and
begins to resorb phenocryst olivine. The Azufre dacites were probably aphyric
prior to eruption, with glomerocrysts forming during eruption. The minerals in
Azufre and Planchon lavas record shallow level crystallization and do not
contain information relating to the mantle, lower, or mid - crustal history of the
magmas.
During mineralogically recorded upper crustal history, absence of both
disequilibrium phenocrysts and bimodal phenocryst populations suggest that
evolving batches of Planchon and Azufre magma did not mix with liquids of
different composition. Infrequent sieve - textured and oscillatory zoned
plagioclase record periods of thermal perturbation during the history of the
magmas, and can be accounted for without appeal to open system behavior.
The lack of large-volume eruptions from arc volcanoes (Williams and McBirney,
1979) indicates magmas develop in small batches. These batches have
minimal thermal buffering capacity and are greatly affected by conditions in the
surrounding rock. Hence, frequent thermal perturbations are expected in the
history of arc volcanic systems, and are recorded in slow-equilibrating
plagioclase.
Ubiquitous magnetite and iron rich chromian spinel suggest elevated f02
(NNO?) during Planchon's and Azufre's evolution. Volatile contents inferred
from amphibole - bearing inclusions in olivine are less than 4.3 wt. %. Intensive
parameters of Azufre dacites, determined by mineral equilibrium, indicate a
relatively dry system (less than 5 wt. % volatiles) evolving between NNO and
QFM.
Volcan Peteroa is distinct from earlier Azufre and Planchon because mixing
is an important process at Peteroa. Lack of xenocrysts or xenoliths expected
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from incorporation of large amounts of crustal material indicates that mixing of
magmas, rather than crustal melts and magmas, occurred, and plagioclase
compositions in mixed andesites implicate dacite and basaltic andesite mixing
endmembers. Banded pumice demonstrates coexistence of rhyodacite and
dacite magmas at shallow crustal levels. Another contrast is that Peteroa
magmas probably have higher volatile contents than Azufre and Planchon
magmas because of the presence of biotite in dacite PT 7 and rhyodacite PT 6.
Basalts and basaltic andesites are missing from Peteroa, so a direct
petrographic comparison to basic lavas from Azufre and Planchon is not
possible. However, dacites are present at both Peteroa and Azufre. Azufre
dacites have a crystal - poor anhydrous, equilibrium phenocryst assemblage,
while Peteroa dacite is relatively crystal rich, has disequilibrium textures, and is
biotite bearing.
COMPOSITIONAL VARIATION
Major element, trace element, and isotopic data for each sample are
presented in Appendix 1. Analytical techniques and uncertainties are
discussed in Appendix 2.
Volcan Planchon
With decreasing MgO (increasing fractionation of mafic phases) in Planchon
lavas, Fe203 and CaO decrease, SiO2, A1203, Na20, K20, P205, and MnO
increase, and TiO2 is scattered (Figure 8). The increase in A1203 is the most
notable characteristic of differentiation from basalt to basalt andesite. Planchon
lavas define 3 groups. Group 1 and Group 3 (group denoted by the first number
of the sample name) lavas define the main trends. Group 2 lavas branch off
the main Planchon trend of increasing A1203 and follow an A1203 depletion
trend (Figure 8).
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Figure 2-8: Major element contents of Planchon lavas plotted versus MgO;
fractionation drives compositions to the left on these diagrams. Note the
contrasts between Groups 1 and 3 versus Group 2. In A120 3 and CaO/A1203,larger percentages of plagioclase fractionation has left Group 2 at much lower
levels than Groups 1 and 3. Also, Group 2 has higher contents of highly
incompatible K20 and P205 than Groups 1 and 3. Lavas with greater than
7.5% MgO are olivine accumulates.
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Abundances of all incompatible elements increase with fractionation (Figures
9 and 10). Rb, Cs, and Th have the widest variation (Rb: 2x , Cs: 11lx, Th: 4x,
Ba: 1.6x. La: 1.8x ) of incompatible trace elements, and are fractionated from La
and Ba (Figure 11). Considering Group 1 as the Planchon norm, Group 2 is
markedly enriched in all incompatible elements, particularly Rb, Cs, and Th
(Figure 12), and Group 3 is depleted in Rb, Cs, and Th but has similar
abundances of other incompatible elements relative to Group 1 (Figure 12).
In Groups 1 and 3, La/Yb increases with increasing Th and La and
decreasing Yb (Figure 13); the high Yb of Group 3 basaltic andesites results in
the lowest in La/Yb. Group 2 of Planchon has similar La/Yb to more primitive
basaltic andesites, but higher abundances of La, Yb, and Th (Figure 13).
87Sr/86Sr of 7 lavas from Planchon Groups 1, 2, and 3 are .70400 +-
.00005 (compared to typical precision of .00003) (Figure 14). 143Nd/144Nd
varies from .51265 to .51280 (compared to typical precision of .00005) (Figure
14). Finally, o018 varies from 6.2 to 6.8 (Figure 14), slightly higher than oceanic
basalts (5.5 to 6, Harmon and Hoefs, 1984). Major and trace element variation
in Planchon lavas are uncorrelated with the small variation in radiogenic
isotope ratios.
In their evaluation of basalts and basaltic andesites from the Southern
Volcanic Zone of the Andes, Hickey et al. (1986) distinguish lavas with high
abundances of incompatible trace elements and low ratios of Ba/La, Ba/Nb,
Rb/Cs, Ba/Rb, Ba/Th, Zr/Nb, and La/Yb (HAB) from lavas with low abundances
of incompatible trace elements and high ratios (LAB). HAB were restricted to an
eastern belt of volcanoes identified earlier by Lopez et al. (1977) as having
relatively high La/Yb. Groups 1 and 3 of Planchon are low abundance basalt,
using the ranges of trace element ratios (except Rb/Cs) given by Hickey et al.
(1986) as criteria (Table 8), although trace element abundances of Planchon
-91-
Figure 2-9: Trace element abundaces of Planchon lavas plotted versus Th, error
bars indicated. Group 2 lavas have high contents of incompatible trace
elements, and Group 3 has the lowest contents of Rb, Cs, Th, and La.
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Figure 2-10: Trace element abundances of Planchon lavas plotted versus MgO.
Group 2 lavas have similar MgO to other lavas, but have elevated contents of
incompatible trace elements. Lavas with greater than 7.5% MgO are olivine
accumulates.
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Figure 2-11: Ratios that illustrate fractionation of Rb, Cs, and Th from La and Ba,
plotted versus Th (uncertainties indicated). All five elements are highly
incompatible, so ratios should remain constant during fractional crystallization.
These ratios, however, vary by 2 to 6 times and indicate another process, such
as crustal contamination, is operative.
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Figure 2-12: Representative samples normalized to a parental Planchon basalt,
1PL19. 1PL19 (MgO = 6.80) defines a line with all normalized abundances = 1.
UPPER: 1 PL22, an evolved Group 1 sample (MgO = 5.08), has enrichments of
Rb, Cs, and Th above all other elements. 2PL28 from Group 2 (MgO = 5.39)
has even higher abundances of incompatible elements than 1PL22, particularly
of Rb, Cs, and Th, and low Eu due to plagioclase fractionation. In contrast,
3PL7 from Group 3 (MgO = 6.47) has lower Rb, Cs, and Th and higher Yb and
Lu than 1PL19. LOWER: Azufre samples are parental basaltic andesites AZ6
and AZ17, and dacite AZ7. Note the extreme enrichments of Rb, Cs, and Th in
the dacite, and the relatively low Eu and Sr due to extensive plagioclase
fractionation.
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Figure 2-13: La/Yb plotted versus Th, Yb, and La for Planchon lavas,
uncertainties indicated. Among Groups 1 and 3, increasing La/Yb correlates
with increasing La and Th and decreasing Yb. Group 2 samples overlap in
La/Yb with Group 1 samples, but Group 2 is displaced to higher abundances of
La, Yb, and Th. Group 3 has the lowest La/Yb of Planchon lavas, due to high
Yb contents. Samples marked in the top diagram are used for major and trace
element modelling. La/Yb in 1PL22 can be derived from that in 1 PL19 by
fractionation of a clinopyroxene-rich assemblage (Table 11), and indicates the
maximum effect clinopyroxene fractionation can have on La/Yb. The full range
of Planchon La/Yb values cannot be generated by clinopyroxene fractionation
alone; it requires a low Yb crustal contaminant (Table 12, Figure 22).
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the range of MORB and Southern Volcanic Zone lavas. Planchon lavas do not
vary outside uncertainty in 87Sr/86Sr and 143Nd/ 144Nd, but Azufre dacites
range to high 87Sr/86Sr. The distinctive trend of Azufre lavas (wide variation in
Sr and O isotopes, constant 143Nd/144Nd) is probably due to contamination by
local upper crustal limestone (indicated in bottom diagrams). Peteroa dacites
have lower 87Sr/86Sr than Azufre dacites (both have low Sr abundance).
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lavas are relatively high compared to those considered by Hickey et al. (1986).
Group 2 lavas have higher abundances of incompatible elements than Groups
1 and 3, with overenrichments of Rb, Cs, and Th. In addition, DBa>DLa>DNb
during crystallization (Table 10), resulting in Group 2 lavas that are HAB based
on ratio criteria of Hickey et al. (1986) (Table 8). Occurrence of LAB preceding
HAB within a relatively short episode of basaltic volcanism at a single location
places additional constraint on models for the origin of the two types.
Volcan Azufre
The most primitive Azufre basaltic andesites correspond to the most evolved
Planchon basaltic andesites (Figure 15), and extend the Planchon trends to
higher degrees of fractionation, including the trend of A120 3 enrichment. The
most noticable difference is that Azufre basaltic andesites are iron enriched
relative to Planchon lavas (Figure 15). An andesite gap (57% - 63% SiO 2)
separates Azufre basaltic andesites and dacites. Across the gap the apparent
liquid line of descent changes; CaO, A1203, MgO, and Fe20 3 decrease
significantly, while SiO2, P205, K20, and Na20 increase (Figure 15).
Azufre basaltic andesites have generally higher abundances of
incompatible trace elements than Planchon Groups 1 and 3, particularly the
heavy rare earth elements (Figures 12 and 16). High field strength elements
(Ti, Hf, Zr, Nb, Ta) increase with fractionation in Azufre and Planchon lavas, but
Ti variation is erratic (Figures 15 and 16). Zr/Hf ranges from 38 to 47 and Nb/Ta
ranges from 12 to 25; both ranges are greater than analytical uncertainty, and
slightly higher than the values common in oceanic rocks (39 and 16
respectively (Wood et al. 1979)). Evolved rocks have lowest Nb/Ta but
intermediate Zr/Hf. Ba/La and Ba/Nb are characteristically high in arc rocks and
have been used to infer the amount of slab contribution to Andean magmas
-104-
High Abundance, Low Abundance Magma Comparison
Ba/La
Ba/Nb
Rb/Cs
Ba/Rb
Ba/Th
Zr/Nb
La/Nb
LAB
20.9-27.6
63-134
9-18
10.7-20.4
99-171
24-58
2.5-5.7
HAB
20.1-21.1
42-65
14-25
11.1-13.4
76-114
17-24
2.1-3.2
Group 1
19.8-26.6
62.5-92
22-35
10-18
123-165
26-32
3.1-4
Group 2
18.2-21.4
57-68
19-34
7.7-12.3
70.3-95
27-30.5
2.8-3.1
Table 2-8
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Figure 2-15: Major element variation of magmas plotted versus MgO;
fractionation is to the left on these diagrams. Azufre basaltic andesites extend
the trends of Planchon Groups 1 and 3 (Figure 8). Across the gap in andesite
compositions, Azufre dacites suffer large amounts of plagioclase fractionation.
Peteroa lavas begin to fill in the andesite gap, primarily through magma mixing(indicated in SiO2 and K20-MgO).
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Figure 2-16: Trace element variation plotted versus Th. Uncertainties are
smaller than the symbol size, except for Yb, Ta, and Nb (indicated on diagrams).
The andesite gap between Azufre basaltic andesites and dacites appears in all
elements, demonstrating that the gap is not an artifact of the plotting
parameters. Peteroa lavas have relatively low abundances of rare earth
elements due to apatite and hornblende fractionation.
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(Hickey et al. 1986). At Azufre, Planchon, and Peteroa the ratios weakly
correlate, but only vary by 30%.
The andesite gap at Azufre appears in all elements. Azufre dacites are
enriched in all incompatible trace elements relative to basaltic andesites
(Figures 12 and 16), and they have developed negative Eu anomalies (Figure
12). Dacite La/Yb is comparable to basaltic andesites (Figure 17). Rb, Cs, and
Th are the most enriched trace elements, but the steep enrichment trends of
(Rb,Cs,Th)/La versus Th flatten somewhat towards dacites (Figure 18).
Lavas from Azufre range in 87Sr/86Sr from .7042 to .7048 (Figure 14) and in
143Nd/144Nd from .51249 to .51271 (Figure 14). 018 in dacites reaches 7.3
(Figure 14), higher than most SVZ lavas (Grunder, 1987). Dacites have high
87Sr/86Sr and D018, but similar 143Nd/144Nd relative to basaltic andesites. On
a Nd-Sr correlation diagram (Figure 14), isotopic variation at Azufre, Planchon,
and Peteroa defines a unique field among Southern Volcanic Zone lavas, with
a large range in 87Sr/86Sr and a restricted range in 143Nd/144Nd. At volcanoes
further south in the Southern Volcanic Zone, basic lavas exhibit more isotopic
variation than associated acid lavas (Gerlach et al. 1988, Hickey et al. 1989). In
contrast, Planchon and Azufre lavas resemble volcanoes further north in that
isotopic variation correlates with differentiation (Stern et al. 1984, Hildreth and
Moorbath 1988).
Volcan Peteroa
Compositional variations among Peteroa lavas are distinct from those of
Azufre and Planchon lavas; for example, although Peteroa is very young and
has few flows, none contain less than 55% Si0 2 (Figure 15). The
homogeneous andesite flows lie at the evolved end of the Azufre trend, and
mark the first significant andesite eruptions from the Azufre-Planchon-Peteroa
volcanic center. Peteroa andesites are lower in CaO and A1203 and higher in
-111-
Figure 2-17: La/Yb versus La and Th, uncertainties indicated. Basaltic
andesites display wider variation (outside uncertainty) than dacites, which fall at
intermediate La/Yb (compare to Figure 13). Evolved Peteroa magmas have
highest La/Yb, due to low Yb contents.
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Figure. 2-18: Fractionation of Rb, Cs, and Th from highly incompatible La,
demonstrated with ratios (compare to Figure 11). Ratios in dacites are near
those in basaltic andesites, probably because dacites are approaching the
ratios in crustal contaminants.
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Na20O than Azufre lavas (Figure 15). Peteroa biotite rhyodacite pumice (PT 6) is
the highest silica product at the center (69.2%). The later stages of the PT 6
eruption produced banded pumice, then dacitic (61.7 % SiO 2, PT 6b) pumice,
and finally a glassy biotite dacite plug (PT 7). Compared to Azufre dacites,
Peteroa dacite PT 7 is high in CaO and MgO, low in P20 5 . PT 6b, 7, 8, and 9
fall along apparent mixing trends between andesite and rhyodacite (Figure 15).
Peteroa evolved rocks are calc-alkaline according to the Miyashiro (1974)
definition, while Azufre dacites are tholeiitic (Figure 3).
Incompatible trace elements in Peteroa andesites are similar to the most
evolved Azufre basaltic andesites, except Peteroa andesites have higher Ba
abundance (Figure 16). The amphitheater products (PT 6, 6b, 7) have much
lower middle and heavy rare earth element abundances than Azufre dacites,
resulting in the highest La/Yb at the center (La/Yb = 11, Figure 17). Peteroa
andesites have similar Sr and Nd isotopic compositions to Azufre basaltic
andesites (Figure 14). PT 7 and PT 6, however, have lower 87Sr/86Sr than
similar or less evolved Azufre dacites (Figure 14), and are comparable to values
in andesites.
Summary of Compositional Variation
Planchon basalts and basaltic andesites form 3 chemical groups. Group 1 is
largest; its most notable features are increasing A1203 with increasing
crystallization, a 30% variation in La/Yb, and Rb, Cs, and Th behaving as the
most incompatible elements (Figure 12). Group 2 branches off the Group 1
A120 3-MgO trend towards lower A120 3 (Figure 8). Group 2 lavas are markedly
enriched in all incompatible trace elements relative to Group 1 lavas with similar
major element compositions, particularly Rb,Cs, and Th (Figure 9), but La/Yb
does not change between Groups 1 and 2 (Figure 13). Group 3 is defined by
low Rb, Cs, and Th and low La/Yb relative to Group 1 (Figure 13). Groups 1,2,
-116-
and 3 are isotopically identical within analytical precision, having 87Sr/86Sr =
.70400 and 143Nd/144Nd = .51270.
Primitive Azufre basaltic andesites correspond to the most evolved Planchon
basaltic andesites and continue the fractionation trends of Group 1, but Azufre
basaltic andesites are iron enriched relative to Planchon lavas (Figure 15), and
have higher heavy rare earth element contents (Figures 12 and 16). Azufre
lavas have a gap in andesite (57-63% SiO2) compositions; the gap is evident
in all elements. Dacites are enriched in all trace elements relative to basaltic
andesites (Figure 12), but (Rb,Cs, Th)/La and La/Yb in dacites are equal to
values in basaltic andesites (Figures 17 andl8). Dacites have higher
87Sr/86Sr, a018, and equal 143Nd/144Nd compared to basaltic andesites
(Figure 14). Trends of incompatible element ratios and isotopic compositions
between basalts and basaltic andesites are different than between basaltic
andesites and dacites.
Volcan Peteroa has no lavas with less than 55% SiO 2. Andesites begin to fill
the gap in Azufre major element compositions (Figure 15), but not in trace
element compositions (Figure 16). Amphitheatre products lie along mixing lines
between rhyodacite and andesite (Figure 15), agreeing with petrographic
observations of mixing. Evolved Peteroa magmas are calc - alkaline, while
comparable Azufe dacites are tholeiitic (Figure 3). Isotopic compositions of
Peteroa lavas are similar to Azufre basaltic andesites; Peteroa dacites have
lower 87Sr/86Sr than Azufre dacites. This young center has produced two
distinct dacite compositions.
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DISCUSSION
Models of Major Element Variation
Planchon
Continuous sections of Planchon lavas allow stratigraphic control of
compositional variation through time. Planchon lava compositions vary
irregularly with stratigraphic height, not continuously as expected for one liquid
line of descent (Figure 19). There is a general old to young progression from
high MgO at position 11 to steadily decreasing MgO, then an abrupt return to
high MgO (Figure 19). If the high MgO lavas are the starting composition of a
cycle, each cycle could be envisioned as tapping an evolving magma chamber,
with distinct batches of magma generating different cycles. Alternatively, each
magma may represent a distinct batch, yielding chaotic overall variation
controlled by non - linear dynamics in the supply conduit.
The three groups of Planchon lavas defined by elemental abundances
correlate with stratigraphy. Group 3 lavas with relatively low Rb, Cs, Th, and
La/Yb are from the early third of the volcano. These lavas are overlain by Group
1 lavas. The youngest lavas are the incompatible element, especially Rb, Cs,
and Th, enriched Group 2 lavas. 2PL27, 2PL28, and 2PL29 are from a
continuous section, but sample 2PL10 is from a different section, possibly of
similar age.
The uniformity of major element variation diagrams indicates a relatively
uniform parental composition and similar intensive parameters acting on
separate batches of magma through time. The distinctions between Groups 1,
2, and 3 of Planchon indicate that conditions did change over the lifetime of the
volcano, but the effect of these changes on the overall compositional variation
of lavas was slight. Lavas from distinct magma batches were sampled by
118-
Figure 2-19: Variation in MgO content versus stratagraphic position (=relative
age) for Planchon lavas of known age relations. Olivine accumulates identified
in the text have been removed, so position number does not equal sample
number. From first erupted (old) to last erupted (young) lavas, there is a
progression from minimal variation to cycles of high MgO, then gradually
declining MgO, then back to high MgO for the next cycle. Each cycle could
represent the tapping of an evolving magma chamber. Alternatively, each lava
may represent a distinct magma batch, with the chaotic variation in degree of
evolution determined by non-linear dynamics in supply and eruption.
-119-
70 6
5
0 10
Stratigraphic Position
20 30
-120-
A, I
eruption at different times from the general evolution path, and so
compositionally variable but relatable lavas are preserved at the surface. By
modelling separate batches of magmas with one liquid line of descent, we are
trying to determine the intensive parameters under which these several
magmas evolved. Variation in general conditions experienced by individual
batches of magma is considered to be a second - order phenomena that
produced Groups 2 and 3.
The minerals responsible for the liquid line of descent followed by Planchon
lavas are inferred from major element variation. The drop in MgO content of
Planchon lavas indicates olivine fractionation (Figure 20). Increasing A1203
indicates minor plagioclase fractionation (less than 30% of the solid
assemblage) in Groups 1 and 3 of Planchon (Figure 20). Group 2 lavas, in
contrast, require about 60% plagioclase fractionation, sik;ilar to observed low
pressure phenocryst proportions (Table 1 and Figure 4). Decreasing CaO
indicates continuous clinopyroxene crystallization (Figure 20). Lack of iron
enrichment, observed in Planchon lavas, is one of the hallmarks of the calc-
alkaline suite (Gill 1981). Magnetite is a ubiquitous phase in Planchon lavas,
and its fractionation during crystallization at fO2 near NNO can explain
decreasing iron (Figure 20).
These inferences of the fractionating mineral assemblage are quantified in
Table 9. The calculations presented remove minerals with equilibrium FeO -
MgO (Kdol = .30, Kdcpx = .24) and CaO - Na20 (Kdplag = 1.2) compositions in
small increments (2% in these models) from a parental composition, and then
recalculate the liquid composition for the next increment (Grove and Baker
1984). Minor element contents of minerals are determined from the observed
compositions, subject to constraints of stoichiometry. Jumps of 50%
crystallization from basalt to dacite using invariant mineral compositions in
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Figure 2-20: Results of major element crystallization models (Table 10) plotted
for Planchon lavas. Each model point corresponds to 2% crystallization. The
notable difference between the models is the effect on A1203, due to contrastingproportions of plagioclase removed.
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0.52-
0.50
0.48-
0.46
0.44
0.42
0.40
Group 1,3
Group 2
Model 1
Model 3
y ,
-1
-T
I L-j
Fractionation Models
1 PL19
(parent)
52.55
0.91
17.36
9.12
0.15
6.80
8.72
3.33
0.97
0.20
MODEL 1
6% Fractionation of .3 oliv,
.3 plag,.4 cpx, then 8% of
.25 oliv .25 plag .4 cpx .1 mag(calculated)
53.46
0.86
18.57
8.69
0.17
4.98
8.27
3.65
1.12
0.23
r2 = .52
MODEL 2
20% Fractionation of
.2 oliv, .5 cpx, .3 plag
from 1PL19
(calculated)
53.05
18.98
1.06
9.46
0.18
4.51
7.56
3.77
1.19
0.24
AZ 17
(daughter)
53.84
18.48
0.99
9.31
0.16
4.42
7.54
3.87
1.38
0.23
r2 = .96
In all models, Fe-Mg Kd olivine = 0.3, Kd clinopyroxene = .24, Na-Ca Kd plagioclase = 1.2
Table 2-9
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SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
1 PL22
(daughter)
53.98
0.92
18.23
8.43
0.14
5.08
8.46
3.55
1.21
0.22
SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Fractionation Models (continued)
1PL11
(parent)
53.39
0.99
17.50
9.09
0.14
6.12
7.94
3.67
1.23
0.25
MODEL 3
6% Fractionation of .2 oliv,
.6 plag, .2 cpx, then 10% of 2PL28
.2 oliv, .6 plag, .1 cpx, .1 mag(calculated) (daughte
54.23
0.95
17.30
9.02
0.16
5.27
7.55
3.79
1.44
0.29
53.91
1.06
17.48
8.89
0.15
5.39
7.78
3.70
1.45
0.29
r2 = .22
AZ 6
(parent)
55.50
1.02
18.55
7.92
0.14
3.68
7.83
3.96
1.35
0.24
MODEL 4
20% Fractionation of .2 oliv,
.5 plag, .2 cpx, .1 mag; then AZ7
.75 plag, .1 cpx, .1 opx, .05 mag
(calculated) (daughter)
64.32 64.80
0.60 0.84
15.99 16.06
5.75 5.26
0.35 0.13
0.74 1.21
3.64 3.32
4.61 4.67
3.40 3.26
0.61 0.28
r2=.86
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SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
SiO2
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
)r)
mass balance calculations are avoided by this procedure, which more closely
approximates fractional crystallization. The parental composition chosen for
Planchon, 1PL19, is the highest MgO, non-accumulative, composition of Group
1. The anomalous trace element depletions of Group 3 and enrichments of
Group 2 are explained as deviations from the "normal" Group 1 trends
emanating from 1PL19.
The range in major element variation of Group1 from 1 PL 19 to 1 PL 22 is
matched by 6% fractionation of 0.4 cpx, 0.3 olivine, 0.3 plagioclase, then 8% of
0.4 cpx, 0.25 olivine, 0.25 plagioclase, 0.1 magnetite (Table 9, Figure 20). The
calculated mineral proportions differ from those in the lavas (0.75 plagioclase,
0.25 olivine, Table 1). The plagioclase-rich phenocryst proportions observed in
the lavas fail to match compositional trends in Group 1 and compositionally
similar Group 3, due to the rapid depletion in A1203 accompanying large
percentages of plagioclase fractionation. While the phenocrysts record low
pressure crystallization, compositional variation among Groups 1 and 3 lavas
requires higher pressures and water contents to suppress plagioclase
crystallization (Eggler 1972, Presnall et al. 1978).
Trends of increasing A120 3 with decreasing MgO as for Planchon have also
been observed generally for arc lavas (Perfit et al., 1977), and specifically in
thick-crust portions of Central America (Carr et al., 1981), Kuriles (Rozinov et al.,
1976), Japar (Uto, 1976) and Joruilo Volcano in Central Mexico (Luhr and
Carmichael, 1977). These authors contend that trends of increasing A1203 with
fractionation preserve the earliest stages of calc - alkaline differentiation,
producing evolved high alumina basalt from tholeiitic precursors. Kay and Kay
(1977) and Grove and Baker (1984) also argue that high alumina basalt is not a
primary melt, but is derived from tholeiitic basalt by high pressure, plagioclase-
poor, mafic phenocryst fractionation. Similarly, the high alumina parent magma
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for southern Andean arc magmatism is an evolved, non-primary composition
(Tormey, Chapter 3) and can be derived from tholeiitic precursors by mafic
phenocryst fractionation.
In contrast to Groups 1 and 3, the compositional trend of Group 2 lavas is
modelled by a more plagioclase-rich assemblage, similar to that observed in
the lavas: 6% fractionation of 0.2 olivine, 0.6 plagioclase, 0.2 clinopyroxene,
then 10% fractionation of 0.2 olivine, 0.6 plagioclase, 0.1 clinopyroxene, 0.1
magnetite (Model 3 inTable 9, Figure 20). The parent for the model, 1PL11, has
a more favorable CaO and Na20 content than 1 PL19, and is about 6% more
evolved than 1PL19. Plagioclase-rich proportions required by the model
suggest that Group 2 lavas evolved at lower pressures or water contents than
Groups 1 and 3. Group 2 lavas are stratigraphically distinct, erupted late in
Planchon's life, and probably record the development of a shallow level magma
chamber.
After recalculating Planchon compositions into mineral components and
projecting into ternary diagrams (calculated with the algorithm of Grove et al.
1982), Planchon lavas lie far from a 1 atm cotectic (Figure 21) as expected from
the crystallization models. Two anhydrous experimental liquids saturated with
olivine and clinopyroxene at 8 kbar (Gust and Perfit 1987) fall within the
Planchon field. The experimental starting compositions are similar to Planchon
basalts, but slightly lower in A120 3 . The higher plagioclase component in
Planchon liquids may be sufficient to also saturate plagioclase at 8 kbar.
Planchon compositional variation may define an anhydrous 8 kbar olivine -
clinopyroxene - plagioclase - oxide - liquid cotectic. Alternatively, the Planchon
trend may be the integrated result of polybaric crystallization during magma
ascent (O'Donnell and Presnall, 1980). For example, rather than 20%
crystallizaiion in a magma chamber at 26 km (8 kbar), there could have been
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Figure 2-21: Ternary mineral component diagram for Planchon lavas (4
accumulates removed), calculated and plotted using the algorithm of Grove et
al. (1982). Top: Projected from plagioclase onto the plane olivine-
clinopyroxene-quartz, with a portion of the ternary expanded for clarity. Thel
atm cotectic is from olivine - clinopyroxene - plagioclase saturated experiments
on basalts from the Kane Fracture Zone (Tormey et al. 1987). Basalts and
basaltic andesites from Planchon plot well away from the 1 atm cotectic,
defining an alternate cotectic roughly parrallel to the 1 atm cotectic in the olivine
- clinopyroxene - quartz projection. The Planchon suite may represent an 8
kbar olivine - plagioclase - clinopyroxene - oxide - liquid cotectic; two 8 kbar
olivine - clinopyroxene saturated experimental liquids (Gust and Perfit 1987)
plot nearby. Higher plagioclase component in Planchon lavas compared to 8
kbar experiments (see bottom diagram,) projected from quartz may be enough
to saturate plagioclase in the natural liquids.
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5% around 12 kbar (with spinel?), 5% at 10 kbar, 5% at 8 kbar, and 5% at 6
kbar. It is more realistic for crystallization to occur during the entire ascent path,
rather than invoking an 8 kbar magma chamber without further crystallization
until just prior to eruption. In any case, Group 1 and 3 magmas reached shallow
levels of the crust bearing the imprint of moderate pressure fractionation. At
shallow, just pre-eruption conditions, the observed plagioclase-rich phenocryst
assemblage crystallized but did not fractionate; minerals were retained by the
magma in their original proportions.
Lavas of Group 2 do not fall near the 1 atm cotectic on the projection (Figure
21), even though the plagioclase rich fractionating assemblage suggests low
pressure evolution. This may be due to crustal contamination by calcium - poor
crustal partial melts (contamination is strongly indicated by trace element
characteristics of Group 2 lavas), or a change in water content may be changing
the fractionating assemblage between Group 2 and Groups 1 and 3. Except for
Group 2, shallow level crystallization had a minimal impact on compositional
variation in Planchon lavas. Crustal contamination or other open system
behavior is not required by major element variation of Groups 1 and 3, but may
be indicated for Group 2 lavas.
Azufre
Though Planchon-like basalts did not erupt at Azufre, the coherence of major
element variation diagrams (Figure 15) indicate that they probably existed at
depth and differentiated under moderate pressure conditions, similar to Groups
1 and 3 of Planchon, to produce Azufre basaltic andesites. The most noticable
difference is that Azufre lavas are more iron rich than Planchon lavas (Figure
15). In Table 9, a crystallization calculation (Model 2) using parental sample
1PL19 to generate an Azufre basaltic andesite (AZ 17) uses a magnetite - free
assemblage, and iron enrichment ensues.
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The significant decrease in A1203 between Azufre basaltic andesites and
dacites (Figure 15) requires a high proportion of plagioclase, in contrast to the
fractionating assemblage required to generate an Azufre basaltic andesite from
a Planchon basalt. Model proportions to produce dacite AZ 7 from basaltic
andesite AZ 6 are 20% fractionation of 0.2 olivine, 0.2 clinopyroxene, 0.5
plagioclase, followed by 38% fractionation of 0.1 clinopyroxene, 0.75
plagioclase, 0.1 orthopyroxene, 0.05 magnetite (Model 4, Table 9). The
observed phenocryst proportions, olivine-plagioclase-clinopyroxene-oxide in
basaltic andesites and plagioclase-orthopyroxene-clinopyroxene-oxide in
dacites, accounts for the major element variation. Apatite, also observed as a
phenocryst phase in dacites, apparently does not fractionate because P2 05 is
higher in dacites than in basaltic andesites (Figure 15). The plagioclase - rich
proportions indicate low pressure crystallization (Grove et al. 1982, Grove and
Baker 1984, Tormey et al. 1987).
There are two distinct plagioclase signatures at Planchon and Azufre,
indicating distinct crystallization conditions. In most basaltic andesites,
plagioclase constitutes a small percentage of the crystallizing assemblage, and
high A120 3 lavas are generated from low A1203 precursors by high pressure
mafic phenocryst fractionation. Generation of evolved dacites requires further
crystallization at shallow crustal levels, with plagioclase the dominant phase
fractionated.
Peteroa
Petrographic evidence indicates that mixing of magmas was important in
generating Peteroa andesites, but mixing did not cause significant deviation
from the Planchon-Azufre fractional crystallization trend (Figure 15). Peteroa
andesites are slightly more evolved than Azufre basaltic andesites, lower in
CaO and A12 03 and higher in Na20. Assuming parent lavas were similar to
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1 PL19, the low A120 3 of Peteroa andesites indicates that plagioclase - rich, low
pressure crystallization began at more primitive compositions for Peteroa
magmas than Azufre magmas. Peteroa andesite compositions are not so
different from Azufre basaltic andesites to require additional processes besides
fractionation. Plagioclase compositional data indicate the mixing endmembers
were probably basaltic andesite and andesite or dacite (Figure 6); the
compositional contrast was sufficient to create a range in plagioclase
compositions without a large effect on whole rock major element compositions.
Peteroa samples from the amphitheater region (PT 6, 6b, 7, 8, and 9) fall
along a mixing trend between basaltic andesites and rhyodacite (Figure 15).
Dacite plug PT 7 can be modelled as a mix of 0.55 PT 6 (rhyodacite) and 0.45
PT 4 (mixed andesite) (Table 11). Coexisting, disequilibrium olivine and biotite
in PT 6, and plagioclase data in all samples indicate a wider gap between
mixing endmembers than for Peteroa andesites. Major element evidence also
shows the effects of mixing because of the greater compositional contrast
between endmembers (Figure 15). This is a fundamental change from Azufre
and Planchon activity where individual batches of magma developed
independently. Peteroa magmas display more interaction among batches.
Models of Trace Element Variation - Fractional Crystallization
Initially, we model trace element variation using the degrees of crystallization
(1 minus F, where F = melt fraction) derived from major element modelling
(Table 9). Theoretically, highly incompatible trace elements such as Th are the
most sensitive indicators of degree of crystallization. However, highly
incompatible elements are also the most susceptible to crustal contamination or
magma chamber processing (O'Hara and Matthews, 1981). Since major
elements are relatively insensitive to these processes, major element - derived
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SO02
T102
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Table 2-11
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MIXING
.55 PT 6 + .45 PT 4
63.28
0.67
16.72
5.22
0.09
1.89
4.27
4.28
3.14
0.15
12.4
85.0
12.3
11.5
8
58
18
114
329
5.34
569
22.6
243
7.4
6.14
0.57
12.9
23.4
54.2
23.7
4.90
1.11
0.61
2.43
0.42
V
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
PT 7
63.36
0.85
16.21
5.65
0.11
1.87
4.25
4.41
3.06
0.22
14.4
106.0
8.6
10.4
11
62
19
115
346
5.24
564
28.2
288
10.0
6.80
0.63
13.2
27.1
67.9
32.5
6.10
1.27
0.61
2.77
0.43
degrees of crystallization provide a better starting point from which to assess the
operation of other processes.
Table 10 presents bulk solid/liquid partition coefficients (D) calculated from
observed parent and derived lava compositions, assuming fractional
crystallization (Cderived/Cparent = FD-1). A negative calculated D means the
element is enriched beyond the major element degree of crystallization using
D=0. While most elements are explainable by fractional crystallization, some
elements are enriched beyond the degree of crystallization inferred from major
elements, thereby requiring an additional process such as assimilation of
crustal material. We first examine fractional crystallization.
Compatible Elements
Variation in compatible trace elements provides a test of the proposed
mineral assemblages used in fractional crystallization models. High calculated
D's for Cr, Co, and Ni all indicate olivine fractionation (Table 10). Sr, an
indicator of plagioclase, is incompatible in Groups 1 and 3 of Planchon,
supporting the contention that low percentages of plagioclase were involved in
the fractionating assemblage, but the calculated D of 0.5 for the interval from
1PL19 to 1PL22 (Table 10) requires some plagioclase. The higher proportion
of plagioclase fractionation during evolution of Planchon Group 2 yields a
correspondingly higher calculated bulk D for Sr (0.95, Table 10). The proposed
plagioclase rich, low pressure Azufre assemblage is also confirmed by Sr
variation from AZ17 to AZ7 (D = 1.56, Table 10). Sc is most compatible in
clinopyroxene, and Sc is compatible throughout Groups 1 and 3 of Planchon (D
= 1.79). V variation supports crystallization of oxides throughout. In summary,
compatible element variation agrees with the minerals and proportions used in
major element fractional crystallization models.
Rare Earth Elements
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Trace Element Calculations
Calculated D's Using 1 PL191PL19
(ppm)Element
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
27.4
195
209
36
88.7
86.4
18
19.1
478
0.8
260
110
4.1
2.80
0.21
1.94
12.4
30.5
16.5
3.5
1.09
0.47
1.57
0.25
1 PL22, F.85
1.79
1.68
6.83
2.42
7.47
1.18
0.86
-1.65
0.50
-1.28
0.33
0.48
1.47
0.60
0.18
-1.12
0.32
0.55
0.50
0.61
0.83
0.87
0.81
1.00
2PL28,F-.8
1.59
1.08
4.08
1.70
2.75
1.13
1.13
-1.31
1.15
-1.70
-0.88
-1.22
-1.20
-0.65
-0.29
-2.65
-0.77
-0.79
-0.53
-0.94
0.32
-0.59
-0.45
-0.24
AZ 7,F=.40
Calculated D
1.51
3.53
2.41
3.04
4.35
1.09
1.05
-0.32
1.56
-0.39
0.34
0.20
0.00
0.19
0.05
-0.30
0.12
0.02
0.05
0.36
0.64
0.06
0.28
0.34
Table 2-10
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as parent
2PL28,Fw.6
1.26
1.03
2.35
1.31
1.77
1.06
1.06
-0.01
1.06
-0.18
0.18
0.03
0.04
0.28
0.44
-0.59
0.23
0.22
0.33
0.15
0.70
0.31
0.37
0.46
2PL10,F-.5
1.36
1.06
3.66
1.43
2.19
0.89
0.89
-0.45
0.95
-0.77
0.53
0.10
0.23
0.29
0.18
-0.55
0.17
0.18
0.26
0.32
0.68
0.31
0.38
0.47
AZ17,F..7
1.63
1.20
8.60
1.58
4.91
0.95
0.82
-0.73
1.03
0.10
0.17
0.21
1.00
0.46
0.10
-0.82
0.22
0.24
0.38
0.05
0.53
0.13
-0.05
-0.02
AZ17
(ppm)Element
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
21.9
182
13.9
29.3
22.0
88.0
19.2
35.4
471
1.10
350
146
4.10
3.40
0.29
3.71
16.4
40.0
20.6
4.91
1.29
0.64
2.29
0.36
Calculated bulk D's for rare earth elements are higher than values reported
in phenocryst-matrix studies (Green and Pearson, 1985) (Table 10). The high
proportion of clinopyroxene in 1PL 19 and 1PL22 leads to a higher D for Yb
than La, and increase in La/Yb (Figure 13). The variation observed in La/Yb in
all Planchon basaltic andesites, however, is larger than that between the
modelled Group 1 compositions (1PL 19 and 1PL 22, indicated on Figure 13).
Specifically, Group 3 lavas have the lowest La/Yb, and between Groups 1 and
3, La/Yb varies by 30%, correlating with a 0.2 ppm increase in La, .2 ppm
decrease in Yb, and 1 ppm increase in Th (Figure 13). Figure 12 illustrates
that rare earth element patterns for a parental Group 1 lava (1PL19) and Group
3 lava (3PL7) cross. Relating these compositionally similar (in major elements)
Group 1 and 3 lavas (3PL7 to 1 PL19, Figure 13) by 5% crystallization requires a
bulk D for Yb of 3.6 and .45 for La (extreme D values for Yb based on 6%
precision are 1.2 - 5.9). Spanning the entire Planchon range in La/Yb with 15%
crystallization (3PL7 to 1 PL22, Figure 13) requires a bulk D for Yb of 1.61 and
.15 for La (extreme D values for Yb based on 6% precision are .9 - 2.4).
Clinopyroxene fractionation cannot result in crossing rare earth element
patterns or change La/Yb by this amount (Figure 13), because bulk D for Yb is
not greater than 1 in basaltic systems (Green and Pearson 1985). Garnet
fractionation would have too large an effect on Yb abundances, because an
amount comparable to plagioclase (20%) must fractionate to satisfy A1203
constraints.
Distinct from Groups 1 and 3, low pressure Group 2 is displaced from the
high La/Yb end of the high pressure trend to higher La, Yb, and Th contents
(Figure 13). Calculated rare earth element D's for 1 P19 to 2PL28 are negative,
indicating fractional crystallization cannot produce the enrichments of 2PL 28.
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40% crystallization, rather than 20% inferred from major element models, is
required to enrich rare earth element abundances in 2PL28.
Attempts to relate Azufre basaltic andesites to Planchon Group 1 parental
lavas by fractional crystallization fail because the calculated D for Yb is
negative, and DYb<DLa (Table 10). Except for Yb and Lu, rare earth element
abundances of Azufre lavas can be derived from Planchon parent lavas (Table
10). Azufre dacites overlap with the range in La/Yb of basaltic andesites (Figure
17), consistent with plagioclase-rich, clinopyroxene-poor, low pressure
crystallization. Depletion of Eu occurs at high degrees of crystallization (Figure
12), again consistent with the proposed plagioclase-rich assemblage. Low
pressure crystallization from Azufre basaltic andesite to dacite explains both
abundances and ratios of rare earth elements.
Rb, Cs. and Th
In all models, Rb, Cs, and Th are overenriched beyond abundances
predicted by the degrees of crystallization inferred from major element
modelling (Table 10). In Group 1 of Planchon, Rb, Cs, and Th require 30%
crystallization (for D=0) rather than 15% inferred from major elements (Table
10). The overenrichment of Rb, Cs, and Th is more extreme in Group 2 than
Group 1 lavas, with Rb, Cs, and Th markedly enriched relative to Ba and the
other incompatible elements (Figure 12). Rb, Cs, and Th abundances in Group
2 lavas require 50% crystallization (for D=0) from Group 1 lavas, rather than
20% inferred from major element modelling (Table 10). The overenrichment of
Rb, Cs, and Th does not indicate that the degree of crystallization inferred from
major element variation is too low, because the major element F correctly
predicts abundances of other highly incompatible elements such as La and Ba
(Table 10, Figure 12). Ratios (Rb, Cs, Th)/(La, Ba) should be relatively constant
during fractionation, but here vary widely (and outside uncertainty) among
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basaltic andesites (Figures11 and 12). The most likely cause of their
enrichment is crustal comtamination. In contrast to the overenrichments in
Group 1 and Group 2 lavas, Group 3 lavas are depleted in Cs, Rb, and Th
relative to 1PL 19, while Ba is enriched (Figure 12).
Azufre dacites continue the overenrichment of Rb, Cs, and Th (Figure 12), but
(Rb,Cs,Th)/La is comparable to Planchon lavas (Figure 18). The small change
in (Rb, Cs, Th)/La between basaltic andesites and dacites is probably because
the ratio observed in dacites approaches that of the upper crustal contaminant.
Isotopes
Samples that define the extremes of trace element variation for Planchon
lavas are within analytical uncertainty of 87 Sr/86Sr = .70400 (Figure 14).
143Nd/ 144Nd varies just outside uncertainty, but is uncorrelated with Nd content
(Figure 14). These small isotopic variations do not prove there has been no
crustal input to these lavas (Davidson et al., 1987), but if any contamination
occurred, either the contaminant was isotopically identical to the lavas, or it had
low abundances of Sr and Nd. The isotopic compositions of Planchon lavas do
not require crustal input.
87Sr/8 6Sr in lavas from Volcan Azufre ranges from .7042 to .7048, and
correlates negatively with Sr content of the lavas (Figure 14). Among Azufre
lavas, 143 Nd/ 144Nd is much more restricted than 8 7Sr/86Sr in its variation
(Figure 14). j018 increases from 6.2 in Planchon basaltic andesites to 7.3 in
Azufre dacites (Figure 14). Fractional crystallization will not affect radiogenic
isotope ratios, hence an additional component with high 8 7Sr/86Sr and a018 is
required to explain variations in the isotopic composition of Azufre lavas.
In summary, fractional crystallizaiton is capable of explaining much of the
variation in Planchon and Azufre lavas. It fails at Planchon, where fractional
crystallization occurs at moderate to high pressures, to explain La/Yb variation
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and Rb, Cs, and Th abundances. It fails at Azufre, where fractional
crystallization occurs at low pressures, to explain isotopic variation and Rb, Cs,
and Th abundances. We next seek to explain compositional variation at Azufre
and Planchon by adding the additional complexity of crustal contamination.
Models of Trace Element Variation - Crustal Contamination
All magmas at Azufre-Planchon-Peteroa have evolved to some extent in the
crust. In this section we seek to model features unexplainable by fractional
crystallization by crustal contamination. For the Planchon suite, we calculate
the composition of the contaminant required to relate primitive Group 1 (1PL 19)
and Group 3 (3PL 7) lavas to each other, and the composition required to relate
1PL 19 to an incompatible element-rich Group 2 sample (2PL 28). Since we
cannot independently constrain both the amount and the composition of the
required contaminant, a more sophisticated combined assimilation and
fractional crystallization (AFC, DePaolo, 1981) approach is not warranted. For
isotopic variation between Azufre basaltic andesites and dacites, however, the
isotopic composition of upper crustal limestone, the most likely contaminant, is
used in AFC calculations.
Planchon
Table 12 presents calculations to relate 3PL 7 to 1PL 19 by adding 15% of a
crustal component, and the required composition is plotted in Figure 22. The
first order requirement is that the crustal contaminant dilute the high heavy rare
earth element contents of 3PL 7; with no crystallization, 12% of a Yb-free crustal
component is required. La/Yb in the contaminant is 45, so garnet is required to
retain h4,avy rare earth elements, probably as a residual phase during crustal
melting that produced the crustal component. The exact amount of the crustal
component depends on its composition and the amount of crystallization
accompanying contamination. Since Planchon lavas contain no xenoliths or
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Table 12
Calculated Contaminants
3PL7 to 1PL19 by
addition of 15% crust
26.5
333
3.69
113
7.4
72
4.7
3.9
0.44
2.85
14.3
33.9
15.4
1.80
0.86
0.41
0.32
0.08
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
1PL19 to 2PL28 by
addition of 15% crust
140.4
428
2.67
875
55.8
515
14.1
11.5
1.14
16.27
49.1
118.5
53.2
14.17
2.22
1.14
5.17
0.98
Table 2-12
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Figure 2-22: Calculated crustal contaminants (Table 12) normalized to bulk
earth values of Gerlach et al. (1988) and plotted in order of increasing
compatibility in MORB. Upper and lower crustal abundances taken from Taylor
and McClennan (1985) are not necessarily representative of this segment of the
Andes, but serve for general comparisons. The low pressure contaminant
required for 2PL28 resembles typical upper crust. The high pressure
contaminant required for 1PL19 resembles typical lower crust, but has
extremely low Yb due to probable equilibration with residual crustal garnet, and
high Cs and Rb implying the lower crust has not been dehydrated..
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disequilibrium textures, the percentage of contaminant must either be small or
thoroughly homogenized with the lava.
Crustal contamination is also required to enrich incompatible element
abundances in Group 2 lavas above those predicted by fractional crystallization
alone. The contaminant to relate Group 1 to Group 2 (Table 12, Figure 22) has
much lower La/Yb (9.4) than that to relate Group 3 to Group1, and has high Rb,
Cs, and Th. The calculated contaminant resembles highly evolved Peteroa
pumice (PT 6), but with higher rare earth element contents. The significant
difference between modelled contaminants for Group 1 to 2 and for Group 3 to 1
is the La/Yb ratio of crustal contributions (Figure 22). Major element modelling
indicates high pressure evolution of Groups 1 and 3, and low pressure
evolution for Group 2; the distinctive contaminants required supports the major
element evidence for different pressure regimes for Group 2 and Groups 1 and
3.
There is no isotopic variation among Groups 1, 2, and 3. Calculated
contaminants have relatively low Sr (Table 12), and so will not significantly alter
the isotopic composition of evolving lavas. Nd is high in contaminants, however
(Table 12). Relative constancy of 143Nd/144Nd indicates that crust with
significantly different isotopic composition from the lavas was not a contaminant.
Potential contaminants to Groups 1 and 3 must be strongly enriched in Rb,
Cs, and Th relative to other incompatible trace elements and have very high
La/Yb (Table 12). As the most incompatible elements, Rb, Cs, and Th will be
enriched in products of either high percentages of crystallization or low degrees
of partial melting. Also, Rb and Cs will be enriched in any volatile phases (Hart
1969, Middelburg et al. 1988), and to fractionate them from Ba, which is also
mobile in volatile phases, requires plagioclase to retain Ba. Th, however, is
relatively immobile during fluid dominated transport (Middelburg et al. 1988,
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Leroy and Turpin 1988), and since the Rb and Cs enrichments correlate well
with Th, a vapor phase is unlikely as the component. High La/Yb and very low
heavy rare earth element abundances in calculated contaminants for Planchon
Groups 1 and 3 (Table 12, Figure 22) imply that garnet was a residual phase
during melting. Hence, a small degree partial melt of garnet-bearing crustal
rocks is a more likely contaminant of Groups 1 and 3 Planchon basaltic
andesites than a product of large percentages of crystallization. Assimilation of
small degree partial melts is physically reasonable if the ascent of Planchon
lavas is continuous through the crust, because with continuous ascent very
high degrees of partial melting of wall rocks are unlikely to be attained. This
scenario is similar to "wall rock reaction" as envisioned by Green and Ringwood
(1968) and Marsh and Kantha (1979).
Azufre
In contrast to the lower and mid crustal contamination recorded by basaltic
andesites, Azufre dacites have in addition been contaminated in the upper
crust. 87Sr/86 Sr and a018 are high in dacites, and indicate a distinctive
contaminant. Major element variation requires a low pressure assemblage for
the interval from basaltic andesite to dacite, and within this interval Rb, Cs, and
Th are enriched (Figures 12 andl8). La/Yb does not change between basaltic
andesites and dacites, however, implying an absence of residual garnet during
crustal melting. Likely upper crustal contaminants exposed near the volcano
are the Tertiary volcanic pile, Mesozoic-Tertiary plutons, and limestone.
Paleozoic and possible Proterozoic crust that may occupy the lower and middle
crust in this region is probably too deep to have influenced the dacites, which
evolved at low pressures.
Isotopic analyses of Mesozoic-Tertiary lavas in this part of Chile are
uniformly low in 87Sr/86Sr (<.7043, Drake, 1976), and cannot produce the high
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87Sr/86Sr of Azufre dacites. Granitic inclusions in lavas analyzed by Davidson
et al.(1987) have 87Sr/86Sr = .71, but they are low in Sr content and will have
minimal affect on the isotopic composition of magmas. Other upper crustal
plutons are less than 60 m.y. (Drake, 1976) and are unlikely to have high
87Sr/86Sr. Furthermore, igneous contaminants should affect both 8 7Sr/86Sr
and 143Nd/144Nd, not 87Sr/86Sr alone. Grunder (1988) noted a decrease in
018 in evolved rocks due to incorporation of hydrothermally altered igneous
wall rocks, rather than the increase required by Azufre dacites. The local upper
crustal limestone is the most plausible contaminant. The limestone has high Sr
(800 ppm) and high 87Sr/86Sr (.7068), Nd content below detection, and high
a018 (8.3) (Figure 14). Using the combined assimilation-fractional
crystallization equations in DePaolo (1981), 12 % of the limestone (at 800 ppm
Sr) are sufficient to reproduce the high 87Sr/86Sr values in dacites. The oxygen
isotopic data are less precise than Sr, but consistent with 12% limestone
contamination. Relative to Planchon basaltic andesites, Azufre basaltic
andesites have high 87Sr/86Sr (Figure 14), and may have also been affected by
limestone assimilation.
There are two difficulties with the limestone as an upper crustal contaminant.
One is that the solidus of anhydrous limestone is 8250C, and of hydrous
limestone 6750C (Wyllie and Tuttle, 1960, Wyllie and Boettcher 1969); it is
unlikely these temperatures would be reached in the uppermost 1 km of the
crust. Absence of limestone xenoliths implies blocks were not stoped into the
magma. Limestone devolatilizes at a lower temperature than it melts: about
6501C anhydrous and less, perhaps 5000C, hydrous (Harker and Tuttle 1955).
A vapor phase may have been the agent of contamination rather than a partial
melt. If the carbonate vapor were enriched in Sr, only small proportions of
limestone assimilation are then required.
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The second difficulty with limestone comtamination is that if the limestone is
devolatilizing in response to a magmatic heat source, the fluid should flow away
from the magma, not towards it. Nabelek et al. (1984) investigated the path of
CO2 fluids in a section of interbedded argillites and carbonates around the
Notch Peak stock in western Utah. The carbonates were impermeable to fluid
flow, but the porous argillites provided a path and fluid flow was concentrated in
the argillites. In the case of Azufre, the limestone is interbedded with Tertiary
lavas and welded pyroclastics, all relatively impermeable (Davis 1969, Brace
1980). In contrast, the magma would be a crystal + liquid mush and relatively
permeable. Hence, the path of the fluid may have been up the temperature
gradient, but down the permeability gradient, towards the crystal + liquid mush
of the magma.
Contamination during evolution to dacites also enriched magmas in Rb, Cs,
and Th. the limestone is poor in these elements, hence partial melts of the
igneous portions of the upper crust also contributed to Azufre magmas.
Depth and Character of Crustal Contaminants
Lavas in Planchon Groups 1 and 3 are compositionally the most primitive at
this center and lack an upper crustal overprint. Planchon grew over a short
period of time, so only a small section of subducting oceanic crust, sediment,
and mantle lithosphere served as source material. If Planchon formed in
100,000 years, then at 3cm/year subduction rate (Minster and Jordan, 1978), 3
km of oceanic crust passed through the zone of melting that produced
Planchon's primary parent, less if most of the time required for magma ascent
was in the crust. Hence, the melting zone and mantle ascent path were
probably identical for all products of Planchon. Studies of seamounts (Zindler
et al. 1984), Hawaiian lavas (Staudigel et al. 1984, Chen and Frey 1985), and
alpine peridotites (Reisberg et al. 1986) show considerable small-scale
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heterogeneity in the sub-oceanic mantle, implying a spatially restricted source
area may still be highly variable. However, constraints from phase relations
indicate most variation in Planchon lavas was generated by crystallization at
about 25 km. Enrichment of Rb, Cs, Th, and La/Yb require contamination in
addition to fractional crystalization; since the enrichments correlate with the
degree of crystallization (Figure 23), contamination probably occurs in the lower
to middle crust rather than the mantle source region or the upper crust.
Estimates of lower crustal compositions are depleted in Rb and Cs (Taylor and
McClellan, 1985; Figure 22). In the long-lived Andean arc, however, a
significant portion of the lower crust may be solidified magmas derived by arc
magmatism. These would satisfy the constraints provided by Group 1 and 3
variation, in that the lower crust would be garnet-bearing, rich in Rb and Cs, and
have primitive isotopic composition.
Similar patterns of Rb, Cs, and Th enrichment are seen in the deep crust
(Planchon) and the upper crust (Azufre dacites). This is probably due to the
manner in which crustal components are added to the magmas. In most
igneous lithologies that have not been previously subjected to partial melting,
small degree partial melts will be enriched in the most incompatible elements.
In the Planchon - Azufre system, relatively small amounts of crustal material are
added to developing magmas, and the imprint is in the elements most enriched
by small degrees of crustal partial melting, Rb, Cs, and Th (MacDonald et al.,
1987). Residual minor phases also leave a distinctive mark in the crustal
contaminant, such as residual garnet yielding high La/Yb contaminants
recorded by Groups 1 and 3 of Planchon. All compositional variation at
Planchon-Azufre-Peteroa is consistent with greater than 80% mantle derived
basalt, and less than 20% addition of remelted/recycled continental crust.
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Figure 2-23: Correlation of Planchon lower crustal contamination effects with
each other and with crystallization (Si02). La/Yb and Th/La increase with
crystallization, so the depth of crystallization (8 kbar average) is probably also
the depth of contamination. Rb/La and Th/La correlate and hence share the
same source: crustal contamination by small degree crustal partial melts.
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The dacites of Azufre owe their geochemical characteristics to two distinct
contaminants. The first was deep crustal, enriching Rb, Cs, Th, and increasing
La/Yb. The second was upper crustal, further enriching Rb, Cs, Th, keeping
La/Yb constant, and increasing 87Sr/86Sr and a018 towards values in upper
crustal limestone (Figure 24). While volumetrically small, the crustal
components produce a strong and heterogeneous chemical effect in the
developing magmas. The wide compositional range at Planchon and Azufre
allows separation of lower and upper crustal contamination (Figure 24). In
centers whose most primitive lavas are andesite, only the final combined
contamination is discernable.
At Planchon, the overenrichments of Rb, Cs, and Th relative to Ba, and a
decrease in the Ba/La ratio, have brought about a change from low abundance,
high ratio lavas (ratios defined in Table 8) to lavas with high abundances and
low ratios, according to the criteria of Hickey et al. (1986). Variation in mantle
partial melting is an unlikely explanation in the case of Planchon, because all
lavas are similar in major element composition, erupted over a short span of
time, and were probably contaminated in the crust. A change in the crustal
component added to the magmas, possibly from the subcontinental lithosphere
as proposed by Hickey et al. (1986), is a possible explanation.
Mixing - Volcan Peteroa
Some fractional crystallization effects are seen in Peteroa lavas. Peteroa
pumice and dacite glass are depleted in all rare earth elements relative to
Azufre dacites (Figures 16). This results from apatite and perhaps hornblende
crystallization. Magma mixing at Volcan Peteroa is indicated petrographically
and is the dominant crustal process. Dacite is successfully modelled as a mix
of 0.55 rhyodacite (PT 6) and 0.85 andesite (PT 4) (Table 11). Isotopic
composition is relatively constant among Peteroa magmas and suggest
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Figure 2-24: La/Yb variation in Planchon lavas arises from lower crustal
contamination, and occurs at constant 87 sr/86sr. 87/86Sr variation in Azufre
lavas arises from upper crustal contamination, and occurs at constant La/Yb.
The wide compositional range of Planchon and Azufre lavas preserves the two
distinct contamination trends. Lacking the Planchon suite, one may mistakenly
interpret the Azufre dacites as contaminated by a single high La/Yb, high
87 Sr/86Sr crust, but the actual contamination occured in two separate
environments by distinct crustal sources.
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homogenization by magma mixing. Volcan Peteroa has higher 87Sr/86Sr than
Planchon basalts, but lower than Azufre dacites.
Summary of Models for Chemical Variation
Fractional crystallization explains the major element variation of Azufre and
Planchon, but magma mixing was important at Peteroa. At the basaltic volcano
Planchon, moderate pressure (8 kbar) fractionation of an olivine, clinopyroxene
- rich assemblage produced high alumina basalts and basaltic andesites from
more tholeiitic parents. Since plagioclase is part of the crystallizing
assemblage, fractionation occurred in the continental crust. The mineral
assemblage required for high pressure crystallization is
different from the observed plagioclase-rich phenocryst assemblage. Group 1
and 3 lava compositions erupted with minimal low pressure overprinting,
although phenocrysts record shallow level closed system fractionation. In
contrast, lavas of Group 2 have probably experienced low pressure crystal
fractionation and contamination, and may have formed a shallow level magma
chamber.
Overenrichments of Rb, Cs, Th in Groups 1 and 2 of Planchon beyond
predicted abundances by fractional crystallization imply crustal contamination
was active. Additional components from the crust must have the same isotope
ratios as the Planchon lavas. Further, any component affecting Rb, Cs, and Th
must have a minimal effect on other incompatible elements, which are
consistent with fractional crystallization. Calculated contaminants are highly
enriched in Rb, Cs, and Th (Table 12, Figure 22) and probably result from low
degrees of crustal partial melting. In Group 3 lavas, Rb, Cs, Th and La/Yb are
depleted relative to Group 1. If contamination of Group 3 lavas produced Group
1 lavas, the contaminant was similar to that required to produce Group 2 lavas,
but with much higher La/Yb (45 vs. 9, Table 12, Figure 22). The very low
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concentration of Yb in the calculated Group 3 - 1 contaminant may be due to
residual garnet in the crustal source of the high pressure contaminants; garnet
would not affect low pressure contaminants of Group 1 - 2. The high pressure
contaminant, which must be rich in Rb, Cs, and Th, be garnet bearing, and have
primitive isotopic composition, is most likely derived from young solidified
products of subduction zone magmatism, underplated at the base of the crust.
In both models, about 10-15% crust is incorporated into the magmas.
No basalts erupted from Azufre, but the basaltic andesites require moderate
pressure crystallization similar to Planchon, with delayed appearance of
magnetite. Differentiation of Azufre magmas continued in the shallow crust,
eventually producing dacites. Enrichment of Rb, Cs, and Th in dacites is
extreme (Figure 12), but fractionation from La is less than among basaltic
andesites because (Rb, Cs, Th)/La in dacites approach that in contaminants
(Figure 18). From basaltic andesites to dacites 87Sr/86Sr increases from
.70400 to .70475 and •818 increase from 6.4 to 7.3. These increases are
consistent with 12% limestone contamination in the upper crust. The limestone
is compositionally distinctive and affects 87Sr/86Sr and•a018, but little else. Its
signature indicates that there is assimilation at shallow crustal levels in addition
to moderate pressure assimilation recorded in basaltic andesites (Figure 24),
and that temperatures in excess of about 5000C (necessary to volatilize the
limestone) have been reached in the country rock.
Volcan Peteroa is distinct from Planchon and Azufre. Magma mixing is
important in generating Peteroa lavas. Apparently, thermal and magma supply
conditions were sufficient to support a zoned, shallow level magma chamber
and to develop a hydrous phenocryst assemblage in residual magmas. Apatite
and hornblende fractionation may have lowered rare earth element contents
relative to Azufre lavas. Here too, abundances of Rb, Cs, and Th are greatly
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enriched, as at the other volcanoes. Isotopically, Peteroa lavas do not reach the
extreme Azufre dacite values. They are similar values to Azufre basaltic
andesites and appear to be homogenized by magma mixing.
Upper Crust as a Density Filter
Planchon is the northernmost basaltic volcano of the volcanic front, and lies
in a transition zone from thin crust (south) to thick crust (north) (Hildreth and
Moorbath, 1988). On a local scale, the most evolved lava of Planchon is similar
to the most primitive Azufre lava. In this section we explore the possibility that
density relations account for the absence of primitive lavas at both Azufre and at
volcanoes north of Planchon. To address the question we model the crust as a
simple manometer (Elder, 1979). The total pressure of the magma is given by
its density, the depth of the fracture tapping it, and the pressure due to its ascent
velocity. This driving force for ascent is compared to the lithostatic pressure,
that is, the pressure of the overlying rocks. Lithostatic pressure is determined by
the thicknesses and densities of lithologic units (Figure 25).
Plithostatic = (P1 hi + 12 h2 + 123 h3 ) g
Pmagma = (Pb hb + Pa ha ) g + Pb V2/2 ;
where (values given in Figure 25): hi, Pi = thickness and density of layer i;
hb, Pb= depth and density of Planchon basait; ha, Fa=depth and density of
Azufre basaltic andesite.
The difference between lithostatic pressure and magma pressure measures
the "head" of the magma, the height to which it will rise. If magma head is high,
magma will flow to the surface and erupt. If magma head is negative, magma
will rise to the level where the pressures are equal and stall. Refinements to the
simple model would include the yield strength of crustal rocks that must be
overcome by the magma to open a fracture and initiate ascent (Turcotte and
Schubert, 1982), and variation in physical properties (most notably viscosity) of
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Figure 2-25: Manometer model for Azufre (left) and Planchon (right). Densities
indicated are anhydrous and do not account for compressibility affects. The
relative values are most important for this discussion; the absolute value is less
important.
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magmas with depth and composition. We assume the physical properties of
Planchon basalts and Azufre basaltic andesites differ only in density. The
simple model provides semi-quantitative insight into some of the important
factors governing magma ascent.
Figure 25 presents an idealized crustal column for Planchon and Azufre, with
limestone occurring only beneath Azufre volcano. The difference in limestone
thickness between the two columns is poorly constrained but it is the most
important parameter in lithostatic pressure, as all other lithologies, depths, and
temperatures are assumed to be equal. The limestone has been folded and
probably faulted in this area (Davidson and Vicente, 1973), so the difference in
thicknesses may be a kilometer. The difference in lithostatic pressure between
Azufre and Planchon (as drawn in Figure 25) is given by:
APlithostatic = (1 km) (g) (P2-P3)
For 1 km of limestone of density 2.4 gm/cm3 and Tertiary lava of density 3.0
gm/cm3, the difference in lithostatic pressure is 6 MPa.
Another possible difference between the two crustal columns is temperature.
Assume a 1Ikm thick layer is 1000 C hotter beneath Azufre than Planchon,
perhaps due to longer upper crustal residence times for Azufre magmas (a
temperature gradient between the two volcanoes is not required; the crust may
have cooled 1000 C in the time between main Azufre volcanism and Planchon
volcanism). If the lighologies are the same, the density difference between the
two crustal columns is about .02 gm/cm 3, giving a difference in lithostatic
pressure of only 0.2 MPa.
To compare magma pressures, we first assume that fractures feeding both
volcanoes start at the same depth, that ascent velocities are equal, and that the
fractionation to Azufre basaltic andesites occurs at 4 km depth. The difference
in magma pressure is given by:
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APmagma= (Pb- Pa) (g) (4 km)
If pb=2.51 gm/cm3 and Pa=2. 48 gm/cm3, the difference in magma pressure is
1.2 MPa.
Relative magma pressure changes if Planchon and Azufre magmas start at
different depths. If Azufre magmas ascend from shallower levels than Planchon
magmas, the lithostatic pressure would be less for Azufre and dense basalts
would be less likely to erupt. If we assume that fractures feeding Planchon
descend 3 km deeper into layer 1 (Figure 25) than those feeding Azufre, then
for equal density liquids the increase in head for Planchon lavas is:
(Pb-p1) (g) (Ah) =15 MPa.
For equal density liquids, the effect of different ascent velocities on magma
head is given by:
(V2planchon-V2Azufre) p/2
A velocity difference of 1 km/day causes a 2x10 - 7 MPa difference in head. This
difference is extremely low, and demonstates that velocity difference is unlikely
to be a controlling factor.
In summary, crustal temperature difference and ascent velocity difference are
unlikely explanations for the absence of basalt at Azufre. However, the
difference in lithostatic pressure between Planchon and Azufre due to an extra
kilometer of limestone beneath Azufre (6 MPa) is of the same order as the
difference in magma pressure caused by the compositional difference (1.2
MPa). Hence, a limestone layer may have acted as a density filter. The largest
effects are caused by the depth to which through - going fractures extend.
Through - going fracture systems allow eruption of dense, primitive liquids
because of the depth to which they penetrate and the resultant head they
generate. Plausibly, a deep fracture system may have tapped the Planchon
reservoir and sucked out the liquid in a short amount of time. If Azufre magmas
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stalled at shallow levels during ascent, they would have trouble mobilizing
again because shallow fractures would provide low head, and the magma
would have difficulty first overcoming the rock's yield strength to initiate a
fracture. The limestone's fingerprint on Azufre basaltic andesites and not on
Planchon lavas suggest the crust acted as a local density filter. No basaltic
lavas erupted during Azufre's life, while they were voluminous at Planchon,
suggesting some relatively invariant (over the lifetime of the two volcanoes)
cause. The two candidates are: 1) a less dense crustal column inhibited
eruption of basalt at Azufre, or 2) a relatively long-lived deep fracture system
allowed basalt to erupt and build the Planchon cone.
On a more regional scale, Planchon is the northernmost basaltic volcano of
the volcanic front, and the two explanations above are viable. The continental
crust thickens to the north in the Southern Volcanic Zone, and by increasing the
thickness of light crustal material, magma head decreases. Hence, a crustal
density filter is a possible explanation for the absence of basaltic volcanism
north of Planchon; perhaps the crust at 350S is just thin enough to allow
eruption of basalt. Deep fractures feeding Planchon are also possible. Unlike
more northerly volcanoes, Planchon lavas have minimal upper crustal
overprinting (Stern et al. 1984, Hildreth and Moorbath 1988; Futa and Stern,
1988); perhaps, rapid ascent and eruption of Planchon lavas prevented
detectable upper crustal contamination. Other alternatives are also possible;
regional comparisons bring additional variables into play that are not as
importanm on the small scale, such as magma supply rate, to be discussed next.
Andesite Gap at Volcan Azufre and Supply Rate - Temperature
Controls
Compositional gaps in lavas from a single volcano occur in variety of
tectonic environments and thermochemical regimes. Several Southern
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Volcanic Zone volcanoes have an andesite gap, including Puyehue, Villarrica,
and Osorno (Gerlach et al., 1988, Hickey et al., 1988; Lopez-Escobar et al.,
1987). The characteristics of lavas from Volcan Azufre -- small volume flows of
basaltic andesite with two intervals of small volume, aphyric dacite flows,
evidence for low pressure fractional crystallization to generate the dacites, and
no evidence of mixing or liquid inhomogeneity in the dacites -- suggest a
rheological control on erupted compositions.
With increasing crystallinity, a magma's yield strength increases gradually
until it reaches a critical crystal content (about 50%) at which the crystals form
an interconnected network (Marsh, 1981) (Figure 26). Above this critical
amount, yield strength increases rapidly with crystallinity until another critical
crystallinity (about 85%) is reached. Above this second critical crystallinity the
magma behaves as a solid and the yield strength again only increases
gradually with increasing crystallinity (van der Molen and Paterson, 1979, Arzi,
1978).
As crystallinity increases, a magma becomes gradually more viscous and
less likely to erupt (Marsh, 1981). From 0 to approximately 50% crystallization,
variable amounts of crystal-melt separation lead to magmas with a range of
compositions from basalt to basaltic andesite (Figures 26 and 27). At
crystallinities between approximately 50% and 85%, the magma is viscous
enough to prohibit eruption of the bulk magma, but the crystal-liquid mush
cannot remain fractured to allow liquid to separate. Magma cannot erupt, so the
liquid line of descent is unsamplable; the compositional gap has begun.
Magma cannot erupt until the second critical crystallinity is reached, and the
crystal-rich magma behaves as a solid. In particular, the magma's yield
strength is high enough to support a pressure gradient, caused by an open
fracture or a slip plane. Residual liquid will flow out of the crystalline matrix
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Figure 2-26: Yield strength of magma versus melt fraction (1 = all melt, 0 = all
solid), adapted from van der Molen and Paterson (1979). The high melt fraction
of the sigmoidal curve is from theory and experiments on crystal - liquid
suspensions; the low melt fraction interval is from melting experiments on
granites. Approximate S10 2 at a given melt fraction taken from fractional
crystallization models (Table 10).
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Figure 2-27: Schematic diagram of a crystallizing reservoir, black areas are
crystalline, white areas are liquid. Crystals that adhere to the walls fractionate
from the liquid and generate liquid compositional diversity, other crystals remain
in suspension and do not change the bulk composition of the magma. At 5%
crystals, the magma is fluid enough to erupt as a crystal - liquid suspension. At
50% crystals, the magma is too viscous to erupt. At 90% crystals, the magma
has acquired a yield strength and can support a pressure gradient. Residual
liquid will flow out of the crystalline matrix towards the low pressure end of the
gradient, where it is available for eruption as an aphyric lava.
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towards the low pressure end of the gradient (the fracture) and erupt as an
aphyric dacite or rhyolite. The compositional gap has now closed, and the
evolving magma can again be sampled by eruption.
The ability of the residual silicic liquid to separate and erupt depends on the
permeability of the matrix and on the velocity of the separating liquid. Data
reviewed in Maaloe and Scheie (1982) indicate the matrix will be permeable to
at least 95% crystalline, and McKenzie (1987) provides an equation to calculate
permeability. The problem of liquid separation velocity differs from compaction-
driven melt extraction in the mantle, in that this crustal melt extraction process is
driven by flow towards a fracture in response to a locally high pressure gradient.
An order of magnitude estimate of the fluid flow velocity can be obtained
through consideration of one dimensional, low Reynolds number flow in a
porous medium using Darcy's Law (Wickham, 1987):
K VP
v= ---
03
In this equation, v=fluid velocity, K=permeability= -------- (McKenzie,1987)
1000 (1-e)2
a=mean radius of matrix crystals=5 mm, VP=pressure gradient=50 MPa/m,
g. = viscosity =104 Pa s, and 0 = porosity = 1 minus crystallinity = .15. These
values are poorly known, but for the above values we obtain a velocity in one
dimension of 125 m/year. The magma must segregate and erupt before it
freezes. The scale of this extraction mechanism is therefore limited to small
volume flows and domes, as at Azufre and most other Southern Volcanic Zone
volcanoes. That such a separation process occurs in nature is shown by
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"tension gashes" and aplite dikes in plutons (Hibbard and Watters, 1985),
segregation veins in basalt flows (Anderson et al.,1984), and segregation of
evolved liquid into drill holes through Hawaiian lava lakes (Wright and Fiske,
1971).
Grove and Donnely - Nolan (1987) and Wyllie (1963) have poir'sd out that
flattening of cotectics in temperature - composition space can also produce
compositional gaps. The compositional and rheological effects are not mutually
exclusive; they reinforce each other. An increase in the rate of crystallization at
andesite compositions will effectively choke up the magmatic system. That is,
rapid crystallization of the magma will create the rheological state that inhibits
flow and minimize the role of fractionation processes such as crystal settling. At
the silicic end of the gap, a separation mechanism for eruption of aphyric
dacites such as that presented here is required.
This scenario for the bimodal suite of Azufre lavas requires that the magma
supply rate be low enough to allow high degrees of crystallization without
disruption by new inputs of liquid. With a warmer crust or higher magma supply
rate, new inputs of liquid will interact with earlier batches and produce mixed
magmas of intermediate (andesite) compositions and variable crystal contents.
Volcan Peteroa appears to be entering this evolutionary stage, and San Jose at
330S and Calbuco at 410S are also composed of mixed andesite with rare
basalt or dacite (Lopez-Escobar et al., 1985). Andesite centers occur both on
thick crust and thin crust. Further, an andesite center, Volcan Peteroa, is
growing on top of the slightly older bimodal Azufre center, and similar pairings
are observed further south, such as Sierra Velluda-Antuco (Lopez-Escobar et
al. 1978) and Sierra Nevada-Llaima.
The critical parameters in the transition from bimodal basalt-dacite volcano to
andesite volcano must be able to change on a time scale of hundreds of
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thousands of years; possibilites are variations in crustal temperature or magma
supply rate. Tectonic changes that affect the crustal stress regime, for instance
a change from compression to tension, will impact on crustal residence times of
magmas and hence style of compositional variation, but the present day stress
regime in this part of the Andes appears to be relatively constant (Hildreth and
Moorbath, 1988). Figure 28 illustrates the interplay of these factors at a
constant state of stress in the crust. Slightly different but related diagrams can
be drawn for different crustal stress regimes. At low crustal temperatures
(Figure 28, SiO2 content - supply rate plane), increased magma supply rate
from the mantle leads to greater interaction between magma batches, and at
intermediate supply rate allows development of shallow level magma
reservoirs where magma mixing is the predominant process. At very high
supply rates, the erupted compositions are mixed basalts and basaltic
andesites because there is insufficient time to generate large compositional
contrast among mixing endmembers. At intermediate supply rates, cooling and
crystallization leads to more compositional spread between mixing
endmembers, and mixed andesites result. Low supply rates produce either
basaltic centers or bimodal basalt-dacite centers that have no evidence for
mixing.
Increasing the temperature of the crust (by crustal thickening or magmatic
heating) will increase the amount of crustally derived melts incorporated into
magmas. Moving to higher crustal temperatures (above the solidus of the crust)
in Figure 28 produces crustally contaminated magmas of more silicic
composition, or complicated magmas that are mixtures of both mantle derived
and crustal melts. As crustal heating and partial melting increase, there is a
decrease in the density of the crustal column, and increasing crustal residence
times of magmas; both effects inhibit eruption of primitive lavas.
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Figure 2-28: Three axis diagram to illustrate the effects of magma supply rate
from the mantle and temperature of the crust (by implication, the amount of
crustal materials incorporated into evolving magmas) on the average
composition of erupted lavas. Different crustal stress regime (initiation of rifting,
rifting, compression, etc.) is another important variable controlling the average
composition of lavas; this graph is a three dimensional section taken at constant
state of stress. At crustal temperatures below the crustal solidus, no crustal
materials are incorporated into evolving magmas; at low supply rates
compositions are basaltic or bimodal, at intermediate supply rates lavas are
andesites that are products of magma mixing, and at high supply rates lavas are
mixed basaltic andesite and basalt because lavas do not crystallize long
enough to generate evolved mixing endmembers. Moving to crustal
temperatures above the solidus, more crustal material is incorporated in
evolving magmas and average compositions of lavas become more silicic.
They also become complicated mixtures of magmas and crustal melts. The
compositional effect of increasing crustal temperature is shown as linear, but
the rheology of solid liquid suspensions, as discussed for Azufre's bimodal
suite, will also affect separation of crustal melts and probably lead to non-linear
compositional changes. The diagram uses features of erupted magmas to infer
the rheologic state of the crust. Planchon and Azufre lie at low supply rates
while Peteroa has a higher supply rate; all three volcanoes are in a moderate
crustal heat regime.
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In the Southern Volcanic Zone of the Andes, regimes of basalt or basalt -
dacite volcanism and andesite volcanism can vary in space at one time or with
time in one space. While the current spatial pattern of andesite and bimodal
volcanoes roughly correlates with crustal thickness, anomalous andesite
volcanoes on thin crust such as Calbuco, Sierra Nevada, and Sierra Velluda,
indicate that the transition can occur at constant crustal thickness. Mixed
andesite centers are frequently mixes of mantle derived magmas suggesting
that large volumes of crustal melts (and attendant xenocrysts) are not
incorporated; therefore the Southern Volcanic Zone is at moderate crustal
temperature (Figure 28). Waxing and waning of magma supply rate probably
leads to the two types of compositional variation in the Southern Volcanic Zone.
Growth of the Azufre - Planchon - Peteroa Volcanic Center
The growth of this volcanic center spans several different styles of activity.
The earliest, Volcan Azufre, erupted slightly contaminated basaltic andesites
and rare andesites, none of which appear to have developed at shallow depths
(Figure 29a). During at least two episodes, small volumes of dacite liquids that
formed by crystallization and assimilation in the upper crust separated from their
crystalline residues and erupted. To allow development and eruption of these
dacites, magma supply rates must have been low enough to prevent disruption
of evolving magma batches.
The basaltic lavas of Volcan Planchon either rose through a denser crustal
column than Auzfre lavas, or were fed by deeper, through - going fractures.
Most Planchon lavas fractionated in the lower to middle crust and have minimal
upper crustal overprinting. However, the latest lavas, Group 2, show effects of
shallow level fractionation and are apparently more contaminated (Figure 29a),
indicating the upper crust is able to support high level activity, and basaltic
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Figure 2-29: Cross sections along line A -A' in Figure 2; compare to Figure 7 of
Chapter 1. Figure 27a is a hypothetical depiction of the volcanic system before
cessation of Planchon activity. At deep levels (8 kbar ?) (note break in vertical
scale) fractionation and some contamination occurs, increasing La/Yb, Rb, Cs,
and Th of magmas. Planchon lavas then erupt with little more crystalization or
contamination, except for lavas of Group 2 that further differentiate and are
contaminated in the upper crust. At shallow levels some batches of Azufre
lavas stall, perhaps due to greater thickness of low density limestone, and
fractionate to dacite while being contaminated by limestone. Fracturing of the
nearly solidified magma bodies may release small volumes of aphyric dacite
liquid for eruption. Throughout this period, the amount of interaction among
magmas is apparently small. Figure 27b is the present day cross section along
A - A', with subsurface details inferred from this study. The Azufre and
Planchon systems are shut off by solidification of the last magmas, and the
Peteroa system has developed in between. Magma mixing and eruption of
andesite and dacite magmas is favored by increased supply rate and more
interaction among magmas. The volcanic center has changed from a tholeiitic
and bimodal basalt, basaltic andesite - dacite center to a calc - alkaline, mixed
andesite and dacite center.
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magmas stall on their way to the surface. Crustal input was less than about
15%, and both systems were relatively dry.
The youngest volcano, Volcan Peteroa, signals a new style of volcanic
activity. Peteroa lavas have mixing textures, they are andesites, and activity is
explosive. Compositions of Peteroa magmas have become calc - alkaline in
contrast to the earlier tholeiitic activity of Azufre (Miyashiro 1974). Biotite is a
phenocryst in dacite and rhyodacite and indicates the system is more hydrous
than earlier. Hydrothermal activity indicates the presence of shallow magma
bodies. In the case of the pumice eruption, the magma was either
compositionally zoned or tapped separate high level reservoirs. Peteroa is an
andesite center, rather than a basalt - dacite center. Possibly magma supply
rate is increasing, leading to more interaction among magmas, or the crust is
hotter after the earlier activity, allowing lavas to remain molten longer (Figure
29b). Maturation, progression, or evolution do not adequately describe this
transition because development can go from basalt - dacite to andesite (Azufre-
Peteroa) or andesite to bimodal (Sierra Velluda - Antuco, Lopez-Escobar et al.
1978). Rather, waxing and waning of magma supply to individual centers leads
to transitions from bimodal (low supply) to andesite (waxing supply), back to
bimodal (waning supply).
SUMMARY OF CONCLUSIONS
1. Phenocrysts in Azufre and Planchon lavas formed at low, upper crustal,
pressures. In contrast, basaltic andesites are related by moderate pressure (8
kbar average) fractionation of a plagioclase poor anhydrous mineral
assemblage. This fractionation produced high alumina basalts from tholeiitic
parental lavas. The mineral proportions in the fractionating assemblage are
different from the plagioclase rich phenocryst assemblage.
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2. During lower to mid - crustal differentiation (Groups 1 and 3 of Planchon),
small degree crustal partial melts rich in Rb, Cs, Th, and La/Yb contaminate
basalts and basaltic andesites. Contamination cannot be discerned with
isotopes, and the volume of crust added was small. Group 2 Planchon lavas
are 6nriched in all incompatible trace elements, particularly Rb, Cs, and Th, and
appear to have evolved at low pressures. Azufre dacites are derived from
basaltic andesite parent magmas by low pressure fractional crystallization.
Dacites are contaminated by a distinctive upper crustal limestone (high
87Sr/86Sr and a018), and are overenriched in Rb, Cs, and Th. Two depths
(deep crust and upper crust) and types (high La/Yb, and low La/Yb high
87Sr/86Sr and a018) of contaminants are evident in the Planchon - Azufre
system. About 10 - 15% crust is incorporated in each environment. Both lower
and upper crustal contaminants are rich in Rb, Cs, and Th, probably due to
small degree partial melting in the igneous crust producing material enriched in
the most incompatible elements.
3. A greater thickness of limestone beneath Azufre than Planchon may have
acted as a local density filter prohibiting eruption of basalts at Azufre.
Alternatively, Planchon basalts may have been tapped at deeper levels than
Azufre lavas, and the greater head allowed rapid transport and minimal upper
crustal overprinting of Planchon basalts.
4. A gap in andesite compositions separates Azufre basaltic andesites from
dacites. Bimodal compositional variation and aphyric dacites at Azufre may be
controlled by the rheology of crystal - liquid suspensions. At intermediate
crystallinities, magma is too viscous to erupt and andesite compositions are not
represented. At high crystallinities, the magma can fracture and maintain a
pressure gradient, allowing separation and eruption of aphyric dacite.
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5. Peteroa lavas are andesites and dacites that form by magma mixing, with
small amounts of crustal material added. The volcanic system changed from
basaltic (Planchon) and bimodal basalt - dacite (Azufre) to mixed andesite
(Peteroa). In the Miyashiro (1974) classification this is also a change from
tholeiitic to calc - alkaline compositions. Waxing and waning magma supply
rates may control the transition, which has occurred at several locations in the
Southern Volcanic Zone of the Andes.
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Appendix One
Analytical Results
-177-
Element
SI02
T102
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
87/86 Sr
143/144 Nd
18/16 O
Volcan Azufre
Sample Number
AZ 13
55.09
0.99
18.50
8.37
0.14
4.27
7.67
3.96
1.24
0.23
22.0
189
37.0
25.2
16
87
20.8
28.4
549
0.39
390
21.5
126
4.1
3.10
0.27
3.26
16.7
39.2
19.8
4.65
1.29
0.57
1.95
0.30
AZ4 AZ6AZ 17
53.84
0.99
18.48
9.31
0.16
4.42
7.54
3.87
1.38
0.23
21.9
182
13.9
29.3
22
88
19.2
35.4
471
1.1
350
24.2
146
4.1
3.40
0.29
3.71
16.4
40.0
20.6
4.91
1.29
0.64
2.29
0.36
0.70427
AZ 3
52.58
0.95
18.32
10.30
0.21
4.33
8.84
3.45
0.85
0.19
25.1
214
32.6
36.0
36
85
19.1
19.2
449
0.27
243
21.8
112
3.3
2.37
0.24
2.05
AZ 16
53.44
1.02
18.41
9.67
0.16
4.14
8.52
3.20
1.13
0.24
197
37
83
19.5
25.2
539
317
18.7
136
5.0
53.52
1.05
18.00
9.12
0.15
3.80
8.26
3.83
1.11
0.23
189
26
81
20.1
25.4
527
324
28.6
138
5.0
55.50
1.02
18.55
7.92
0.14
3.68
7.83
3.96
1.35
0.24
21.7
174
46.0
21.5
25
80
20.2
31.4
550
0.68
441
23.6
153
5.2
3.45
0.29
3.57
17.5
41.7
21.5
5.20
1.34
0.59
2.09
0.33
12.2
28.5
17.4
4.12
1.13
0.53
2.07
0.34
0.70424 0.70413
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Volcan Azufre (continued)
AZ5
SO02
T102
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
53.63
0.96
18.57
9.80
0.24
3.40
8.26
3.74
1.18
0.22
22.4
193
49.4
30.4
36
88
18.8
26.7
488
0.65
313
25.4
125
4.6
2.79
0.19
2.64
14.1
32.6
19.9
4.61
1.19
0.57
2.46
0.38
AZ 14
55.50
0.90
19.00
8.41
0.16
2.43
7.87
3.66
1.32
0.22
20.8
179
26.4
20.5
17
83
19.2
36.4
506
1.1
343
22.8
141
4.4
3.11
0.28
3.75
15.5
35.7
19.3
4.52
1.22
0.58
2.33
0.34
87/86 Sr
143/144 Nd
18/16 O
AZ 15
57.02
0.93
19.41
7.41
0.12
2.31
7.32
3.60
1.40
0.23
21.7
175
30.9
15.9
15
86
20.3
40.6
484
1.5
324
23.0
138
4.0
3.39
0.28
4.16
15.6
36.9
18.8
4.48
1.22
0.67
2.16
0.38
AZ 18
63.35
1.05
15.70
6.51
0.13
1.58
3.86
4.37
3.20
0.34
15.7
214
4.0
8.7
7
90
18.5
110.0
284
4.3
638
40.7
300
11.2
7.00
0.75
11.28
34.1
85.1
42.8
8.74
1.72
1.46
4.19
0.63
0.70427 0.70475
0.51270 0.51269
7.3
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AZi1
63.16
0.91
16.51
6.08
0.15
1.53
3.86
5.23
2.50
0.36
42
7
98
19.2
72.0
352
603
37.2
268
9.3
AZ8
63.90
0.95
15.63
6.35
0.13
1.25
3.44
4.79
3.01
0.32
16.5
43
3.4
6.3
8
93
18.5
94.5
267
4.0
652
41.3
284
9.7
6.90
0.63
9.88
32.4
83.6
43.0
8.65
1.84
1.39
4.34
0.65
0.70458
0.51271
7.1
Volcan Azufre (continued)
AZ7 AZ10 AZ9 AZ12 AZ11 AZ2
SiO2 64.80 64.20 64.68 64.57 64.54 65.30
TO02 0.84 0.89 0.86 0.88 0.88 0.65
A1203 16.06 15.63 15.56 15.64 15.72 16.02
Fe203 5.26 6.19 6.10 6.16 6.21 5.38
MnO 0.13 0.13 0.12 0.12 0.12 0.13
MgO 1.21 1.14 1.03 0.99 0.96 0.85
CaO 3.32 3.32 3.14 3.05 3.02 2.94
Na20 4.67 4.89 4.81 4.81 4.93 5.21
K20 3.26 3.13 3.21 3.20 3.22 3.00
P205 0.28 0.29 0.28 0.28 0.28 0.21
Sc 14.1 15.4 15.3
V 20 42 34 37 37 12
Cr 4.1 7.9 6.8
Co 5.0 5.6 5.4
Ni 1 8 2 10 9 7
Zn 81 91 100 90 84 93
Ga 18.4 18.7 18.8 18.3 19.8 20.9
Rb 111.3 102.0 103.9 104.6 103.0 87.8
Sr 289 265 254 254 248 284
Cs 3.7 3.3 3.7
Ba 621 689 710 704 710 704
Y 42.3 43.2 46.3 41.0 40.2 42.5
Zr 292 309 316 311 312 321
Nb 9.9 10.8 9.8 11.0 10.5 10.0
Hf 6.85 7.63 7.30
Ta 0.66 0.67 0.67
Th 11.52 11.39 11.04
La 35.1 36.5 31.4
Ce 93.9 90.9 83.5
Nd 46.8 46.3 44.6
Sm 8.57 9.48 8.46
Eu 1.76 1.90 1.89
Tb 1.45 1.58 1.50
Yb 4.29 4.60 4.10
Lu 0.64 0.74 0.61
87/86 Sr 0.70463
143/144 Nd 0.51249
18/16 O
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8102
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Volcan Planchon
Sample Number
1PL24
52.16
0.86
16.22
9.61
0.15
8.70
7.75
3.34
1.07
0.21
24.1
197
293
46.0
145
88
17.6
23.9
455
1.1
321
16.1
126
4.0
2.90
0.20
2.10
12.8
30.6
16.6
3.60
1.04
0.42
1.60
0.25
87/86 Sr
143/144 Nd
18/16 O
1PL18 1PL191PL16
52.21
0.87
16.24
9.59
0.15
8.65
7.80
3.37
1.06
0.21
184
162
95
18.4
24.1
456
317
16.4
117
4.7
1PL17
52.21
0.87
16.24
9.57
0.15
8.55
7.80
3.39
1.07
0.21
190
157
92
17.9
24.2
460
304
17.2
125
4.0
1PL25
52.57
0.89
16.66
9.27
0.15
7.56
8.14
3.26
1.10
0.21
24.8
186
250
40.0
125
94
17.8
24.5
470
1.0
260
16.3
116
3.5
2.70
0.20
2.11
13.1
31.7
17.4
3.70
1.07
0.45
1.58
0.28
52.47
0.91
17.17
9.18
0.15
7.03
8.72
3.26
0.99
0.20
27.2
205
214
36.0
101
83
17.8
20.8
473
0.74
295
16.2
118
4.0
2.60
0.26
1.83
12.2
28.4
15.0
3.80
1.06
0.50
1.69
0.23
52.55
0.91
17.36
9.12
0.15
6.80
8.72
3.33
0.97
0.20
27.4
195
209
36.0
89
86.4
18.0
19.1
478
0.80
260
16.5
110
4.1
2.80
0.21
1.94
12.4
30.5
16.5
3.50
1.09
0.47
1.57
0.25
0.70399
6.3 6.6
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Volcan Planchon (continued)
SI02
T102
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
87/86 Sr
143/144 Nd
18/16 O
3PL.8 1PL26
52.34
0.96
17.55
9.28
0.15
6.44
8.82
3.71
0.98
0.22
213
79
83
18.0
51.73
0.97
17.86
9.56
0.16
6.58
8.88
3.35
0.83
0.22
29.8
214
158
40.0
84
85
19.0
15.3
501
0.40
290
14.8
112
4.0
2.90
0.17
1.83
13.1
32.0
18.3
4.21
1.26
0.60
1.93
0.28
0.70400
0.51265
3PL9
51.95
0.97
17.77
9.57
0.15
6.57
8.90
3.48
0.85
0.22
26.9
219
144
36.2
85
87
19.1
16.1
505
0.39
281
18.4
114
3.5
2.70
0.24
1.43
11.8
29.6
16.6
3.90
1.11
0.40
1.80
0.28
3PL5
52.51
0.97
17.59
9.36
0.16
6.50
8.85
3.37
0.95
0.22
27.5
214
155
35.0
68
77
18.9
19.3
502
0.82
308
19.1
118
4.0
2.70
0.20
1.78
12.1
29.2
15.8
4.10
1.11
0.48
1.75
0.27
3PL7
51.74
0.97
17.72
9.51
0.15
6.47
8.83
3.46
0.88
0.22
26.6
219
140
35.7
83
83
18.9
17.8
503
0.29
286
18.1
117
4.0
2.60
0.17
1.78
12.1
29.9
16.7
3.80
1.13
0.48
1.79
0.28
18.6
498
299
18.0
118
4.0
3PL4
52.27
0.96
17.59
9.25
0.15
6.41
8.86
3.57
0.96
0.22
26.2
204
149
33.4
80
90
19.0
19.2
502
0.68
291
18.3
112
3.8
2.54
0.18
1.63
11.6
27.6
16.3
3.77
1.06
0.48
1.78
0.27
0.70394
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Volcan Planchon (continued)
1PL20 1PL11 1PL35 1PL33 1PL2 1PL32
S102 52.47 53.39 52.24 52.53 52.26 52.44
Ti02 1.00 0.99 1.00 1.00 1.07 1.00
A1203 17.46 17.50 18.00 17.81 17.99 17.87
Fe203 9.19 9.09 9.27 9.23 9.27 9.22
MnO 0.15 0.14 0.15 0.15 0.15 0.15
MgO 6.23 6.12 6.09 6.06 6.06 6.03
CaO 8.89 7.94 8.87 8.78 8.48 8.83
Na20 3.34 3.67 3.43 3.36 3.58 3.55
K20 1.02 1.23 1.00 1.03 1.07 1.03
P205 0.23 0.25 0.23 0.23 0.26 0.23
Sc 26.6 22.4 24.6
V 200 189 214 207 203 206
Cr 144 143 121
Co 33.7 32.4 32.0
Ni 71 78 63 65 62 61
Zn 91.6 89 83 81 88 88
Ga 18.9 19.7 19.5 18.3 19.6 18.6
Rb 20.7 27.8 18.3 19.9 21.8 19.6
Sr 506 521 549 541 591 539
Cs 0.83 0.88 0.82
Ba 250 360 316 312 350 312
Y 18.1 18.5 17.8 17.2 18.4 17.2
Zr 119 136 126 125 124 120
Nb 4.0 4.6 4.0 4.4 3.8 4.2
Hf 2.80 3.16 2.90
Ta 0.21 0.30 0.22
Th 1.97 2.80 2.39
La 13.3 14.7 15.5
Ce 33.1 35.3 37.1
Nd 18.8 19.7 19.4
Sm 3.88 4.34 4.40
Eu 1.17 1.14 1.20
Tb 0.52 0.50 0.53
Yb 1.75 1.74 1.97
Lu 0.27 0.26 0.28
87/86 Sr 0.70403
143/144 Nd 0.51272
18/16 O
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Voican Planchon (continued)
1PL34
SI02
T102
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
52.51
1.00
17.77
9.24
0.15
6.00
8.78
3.22
1.02
0.23
213
65
86
18.3
20.5
539
305
14.3
128
4.3
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
1PL3
52.36
1.01
17.78
9.25
0.15
5.97
8.79
3.50
1.03
0.23
25.4
202
126
32.0
52
86
18.8
20.6
547
0.60
280
17.9
120
4.4
2.76
0.21
2.02
13.4
31.3
17.7
3.99
1.11
0.50
1.63
0.25
1PL1
52.44
1.00
17.87
9.19
0.15
5.97
8.84
3.46
1.02
0.23
25.4
208
121
31.8
51
86
19.1
19.5
546
0.62
350
17.2
119
3.9
2.78
0.25
2.14
13.2
30.9
17.8
3.91
1.12
0.55
1.65
0.27
87/86 Sr
143/144 Nd
18/16 O
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1 PL12
53.38
0.96
17.82
8.80
0.14
5.56
8.31
3.57
1.12
0.23
196
58
86
18.8
1PL6
52.12
0.98
18.09
9.31
0.15
5.85
8.70
3.62
0.95
0.23
25.5
221
109
33.6
65
86
19.8
19.2
555
0.73
318
18.7
119
4.0
2.70
0.22
2.16
13.1
31.6
17.1
3.84
1.16
0.55
1.78
0.28
1PL13
53.32
0.96
17.80
8.77
0.14
5.47
8.32
3.73
1.12
0.23
23.3
195
107
29.5
55
89
19.4
23.3
547
0.67
350
16.9
122
4.2
2.76
0.22
2.22
13.4
31.5
17.7
3.96
1.12
0.43
1.56
0.25
23.0
547
350
17.4
131
4.6
Volcan Planchon (continued)
2PL28 2PL29 2PL27 1PL22 1PL21 1PL14
SO02 53.91 53.73 53.89 53.98 54.06 53.96
TO02 1.06 1.06 1.02 0.92 0.90 0.91
A1203 17.48 17.42 17.53 18.23 18.31 18.22
Fe203 8.89 8.90 8.83 8.43 8.29 8.24
MnO 0.15 0.15 0.14 0.14 0.14 0.14
MgO 5.39 5.35 5.18 5.08 5.08 5.08
CaO 7.78 7.87 7.83 8.46 8.47 8.46
Na20 3.70 3.84 3.64 3.55 3.55 3.64
K20 1.45 1.45 1.41 1.21 1.22 1.23
P205 0.29 0.29 0.27 0.22 0.21 0.22
Sc 24.0 24.1 24.4 24.1 23.8
V 192 195 199 175 183 191
Cr 105 105 106 81 77
Co 30.6 30.3 30.6 28.6 28.4
Ni 60 62 59 31 34 38
Zn 84 87 86 83.q 85.6 84
Ga 17.5 18.6 18.6 18.4 20.0 18.4
Rb 32.0 37.8 37.3 29.4 30.5 30.6
Sr 462 480 470 518 513 510
Cs 1.5 1.7 1.1 1.2 1.2
Ba 396 388 382 290 330 355
Y 19.2 22.3 22.4 17.9 17.6 17.8
Zr 181 179 171 120 123 129
Nb 6.7 6.4 5.6 3.8 3.8 5.0
Hf 4.05 4.07 4.11 2.99 2.94
Ta 0.28 0.36 0.35 0.24 0.20
Th 4.38 4.09 4.09 2.74 2.83
La 18.4 18.3 17.9 13.9 14.3
Ce 45.5 44.1 43.7 32.8 34.1
Nd 23.2 21.9 22.0 17.9 19.3
Sm 5.40 5.30 5.10 3.73 3.85
Eu 1.27 1.29 1.26 1.12 1.11
Tb 0.67 0.68 0.57 0.48 0.56
Yb 2.17 2.09 2.11 1.62 1.70
Lu 0.33 0.36 0.36 0.25 0.27
87/86 Sr 0.70405 0.70399
143/144 Nd 0.51276 0.51280
18/16 O 6.5
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Volcan Planchon (continued)
1PL23 1PL15 1PL31 1PL30 2PL10
SO02 54.22 54.03 53.18 53.09 54.31
Ti02 0.93 0.92 0.98 0.98 1.15
A1203 18.22 18.14 18.86 18.87 17.35
Fe203 8.47 8.40 8.49 8.51 8.89
MnO 0.14 0.14 0.14 0.14 0.15
MgO 5.01 4.95 4.59 4.56 4.38
CaO 8.52 8.48 8.88 8.86 7.19
Na20 3.60 3.67 3.57 3.66 4.10
K20 1.21 1.21 1.02 1.04 1.75
P205 0.22 0.22 0.23 0.23 0.35
Sc 25.1 25.0 25.6 21.4
V 185 173 205 205 187
Cr 75 74 77 33
Co 28.1 26.0 26.5 26.8
Ni 28 26 35 36 39
Zn 88 91 84 81 93
Ga 18.9 17.8 19.2 19.5 19.4
Rb 28.6 29.4 20.3 20.4 52.3
Sr 511 510 583 589 496
Cs 1.3 0.90 0.32 2.7
Ba 280 310 322 316 401
Y 17.9 17.9 17.8 17.8 24.6
Zr 122 123 112 110 206
Nb 3.7 4.5 4.3 4.2 7.0
Hf 2.82 2.78 2.67 4.58
Ta 0.20 0.19 0.22 0.37
Th 2.58 1.95 1.76 5.70
La 13.8 12.7 12.9 22.0
Ce 32.9 30.2 31.3 53.7
Nd 18.0 16.3 17.2 27.5
Sm 3.76 3.90 3.96 5.62
Eu 1.11 1.16 1.17 1.36
Tb 0.44 0.55 0.48 0.76
Yb 1.65 1.62 1.64 2.42
Lu 0.25 0.24 0.25 0.36
87/86 Sr 0.70402
143/144 Nd
18/16 O
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Volcan Planchon II
Sample Number
Element PLI17 PLI12 PLII3 PLIIl PLII4 PLI19
S102 52.81 52.41 52.18 52.63 53.04 53.16
T102 1.01 1.03 1.02 1.23 1.09 0.96
A1203 16.93 17.50 17.48 16.36 16.96 17.92
Fe203 9.17 9.43 9.35 10.28 9.44 8.86
MnO 0.15 0.15 0.15 0.17 0.15 0.15
MgO 6.84 6.71 6.66 6.45 6.36 5.43
CaO 8.36 8.35 8.32 7.68 8.03 8.86
Na20 3.48 3.69 3.58 3.51 3.58 3.43
K20 1.07 0.94 0.93 1.44 1.17 1.09
P205 0.24 0.24 0.24 0.33 0.28 0.22
Sc 24.2 26.2 24.8 28.2
V 199 218 209 223 209 214
Cr 179 166 234 117
Co 35.5 36.0 33.7 29.2
Ni 89 72 87 75 79 36
Zn 82 82 83 100 88 87
Ga 18.4 20.0 19.2 19.6 19.0 19.7
Rb 27.1 19.8 19.3 40.1 30.3 28.9
Sr 511 581 575 440 510 465
Cs 0.53 1.7 1.5 0.91
Ba 300 300 299 394 328 250
Y 19.2 16.7 16.8 26.0 20.3 20.1
Zr 132 113 113 186 144 123
Nb 5.0 4.0 4.0 7.0 5.0 3.6
Hf 2.60 4.40 3.20 3.00
Ta 0.21 0.36 0.28 0.23
Th 2.08 4.53 3.09 3.10
La 12.6 20.8 16.4 13.4
Ce 29.7 48.4 37.7 31.2
Nd 15.8 25.7 19.7 17.7
Sm 3.70 6.14 4.25 4.30
Eu 1.14 1.40 1.23 1.13
Tb 0.44 0.71 0.51 0.54
Yb 1.49 2.50 1.84 1.96
Lu 0.21 0.37 0.27 0.29
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Volcan Planchon II (continued)
SO02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
PLII 5
53.59
1.13
18.40
8.70
0.14
4.33
8.67
3.75
1.23
0.29
25.2
227
71
25.7
37
86
20.1
33.4
536
1.7
354
21.5
152
5.5
3.50
0.29
3.47
16.7
40.9
20.8
4.92
1.34
0.66
1.93
0.29
PLII 6
53.42
1.13
18.51
8.57
0.14
4.25
8.69
3.92
1.23
0.28
216
36
87
19.8
32.9
535
345
21.2
150
5.6
PLII 8
54.38
1.06
18.33
8.27
0.14
4.05
8.57
3.77
1.30
0.26
210
26
81
19.5
32.2
516
359
20.9
150
6.0
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Element
Si02
T102
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Ir
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
87/86Sr
143/144 Nd
18/16 O
Volcan Peteroa
Sample Number
PT9 PT8
55.12
1.02
17.58
8.50
0.15
4.41
7.79
3.84
1.45
0.23
25.7
196
59.4
24.4
24
80
19.8
43.5
475
2.2
364
20.2
136
5.0
3.33
0.31
5.01
56.78
1.03
17.14
8.01
0.14
3.91
7.10
3.92
1.86
0.22
191
22
80
19.7
61.3
452
417
21.9
172
6.0
15.9
36.7
19.1
4.22
1.18
0.56
2.05
0.31
0.70411
PT2 PT5PT 3
56.07
0.97
18.31
8.20
0.14
3.41
6.89
3.83
1.64
0.23
20.2
168
20.9
21.5
19
79
19.3
40.5
489
1.2
461
21.6
171
5.0
3.87
0.25
3.42
16.2
37.9
21.1
4.60
1.23
0.60
2.10
0.33
PT4
56.06
0.96
18.42
8.21
0.14
3.36
6.88
4.11
1.65
0.24
19.9
156
20.6
21.2
17
82
19.6
40.0
487
1.4
434
21.5
171
5.0
3.87
0.30
3.58
16.2
37.8
19.5
4.48
1.20
0.52
2.12
0.34
56.80
1.04
17.84
8.39
0.15
3.24
6.88
3.69
1.50
0.23
23.2
177
8.4
17.0
9
88
19.9
56.85
1.03
17.79
8.42
0.14
3.16
6.75
3.76
1.40
0.22
23.4
201
9.5
17.0
11
93
20.3
34.0
470
0.69
510
27.6
148
6.0
3.46
0.30
3.82
18.1
41.2
22.6
5.22
1.41
0.71
2.46
0.39
38.9
460
1.3
460
24.3
159
5.5
3.73
0.29
4.21
17.3
38.9
20.3
4.74
1.34
0.70
2.33
0.36
0.70436
6.4
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Volcan Peteroa (continued)
PT1 PT6b PT7 PT 6
SI02 56.19 61.72 63.36 69.18
TIO02 1.10 0.78 0.85 0.44
A1203 17.77 16.28 16.21 15.33
Fe203 8.82 5.96 5.65 2.78
MnO 0.17 0.11 0.11 0.05
MgO 2.88 2.58 1.87 0.68
CaO 6.81 4.93 4.25 2.13
Na20 3.69 4.09 4.41 4.42
K20 1.57 2.90 3.06 4.37
P205 0.28 0.17 0.22 0.08
Sc 14.4 6.3
V 168 125 106 27
Cr 8.6 5.6
Co 10.4 3.7
Ni 9 13 11 1
Zn 87 67 62 38
Ga 20.3 18.1 18.9 16.0
Rb 39.7 110.0 115.0 175.0
Sr 443 349 346 200
Cs 5.2 8.6
Ba 402 490 564 680
Y 30.4 22.9 28.2 23.5
Zr 169 226 288 301
Nb 6.0 7.0 10.0 9.3
Hf 6.80 8.00
Ta 0.63 0.79
Th 13.21 20.5
La 27.1 29.3
Ce 67.9 67.6
Nd 32.5 27.1
Sm 6.10 5.19
Eu 1.27 1.03
Tb 0.61 0.68
Yb 2.77 2.68
Lu 0.43 0.49
87/86Sr 0.70414
143/144 Nd 0.51273
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Appendix 2: Analytical Methods and Uncertainties
Petrography and Mineral Compositions
Mineral assemblages, modes, textures, and freshness were determined from
thin sections of most samples. Minerals from representative samples were
analyzed at the Massachusetts Institute of Technology using the 4 -
spectrometer JEOL 733 electron microprobe. Natural and synthetic standards
were used, and Bence and Albee (1968) matrix correction procedures with
modifications of Albee and Ray (1970). Backscattered electron imaging
allowed verification of petrographic textures, and investigation of groundmass
features.
Sample Preparation
1 to 2 kg samples were trimmed in the field. Chips and flakes free of hammer
marks, cracks and alteration, and vesicles were wrapped in plastic and crushed
to pea size with a hammer. These fragments were boiled for one hour to
remove fingerprints or foreign material, then dried in an oven. Finally, 30 - 70
grams of each sample was powdered in an agate shatterbox. As minerals do
no exceed 3 mm diameter, the uncertainty introduced during preparation (due
to possible non-representative sampling by powder) is less than 2% (Clanton
and Fletcher 1976).
Major elements
Major element compositions were determined by x-ray fluorescence (W tube)
at the Department of Geology and Geography, University of Massachusetts at
Amherst, using an automated Siemens analyzer with on - line data reduction.
Splits of powders were oxidized by heating to 11000 C in air, then mixed with a
LaBO3 flux, fused, and pressed to a flat glass disk. Two disks were made of
each sample, and representative deviation between analyses is presented in
Table Al. The largest deviation (4 - 5 %) is in Na20. An unoxidized sample of
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standard rock BHVO was analyzed in each run, and the mean, standard
deviation, and relative deviation of all analyses are reported in Table Al. The
relative deviations between duplicate runs and in repeated analyses of BHVO
are comparable, and provide a measure of the precision of analyses presented
in this study.
Trace Elements
X - ray fluorescence analysis was also used to determine abundances of Rb,
Sr, Y, Pb, and Ga using a Mo tube and Nb, Zr, Zn, Ni, Cr, V, and Ba using a Au
tube. Sample powders were pressed into disks with boric acid backings, and
either run in duplicate, or analyzed twice. Representative relative deviations for
duplicate analyses of basaltic compositions are presented in Table Al. In
addition, sample BHVO was analyzed in each run, and the mean, standard
deviation, and relative deviation of all analyses are presented in Table Al.
Uncertainties for dacites are less for incompatible elements (because of higher
abundances) and more for compatible elements (lower abundances). Some
samples had Ba, Sr and Rb determined by isotope dilution mass spectrometry
(Hart and Brooks 1977), and these values determined by isotope dilution agree
within uncertainties with the XRF determinations (Table Al).
Instrumental neutron activation analysis at the Massachusetts Institute of
Technology was used to determine abundances of La, Ce, Nd, Sm, Eu, Tb, Yb,
Lu, Hf, Ta, Th, Sc, Co, Cr, and Cs. Methods are described in Ila and Frey
(1984), and data reduction was performed using the computer program
TEABAGS (Lindstrom and Korotev 1983). Basaltic sample 13826h (Gerlach et
al. 1988) was analyzed with most runs and the mean, standard deviation, and
relative deviation of analyses is presented in Table Al, as well as the value in
Gerlach et al. (1988). Typical uncertainties reported in TEABAGS for basaltic
samples are also presented. Cs determinations by isotope dilution mass
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Uncertainties
X-ray Fluoresence Analysis
Represertative
Rel. Dev.
between
duplicate analyses
1.04
1.61
0.64
1.00
0.55
0.79
0.94
0.81
4.18
Value used
in Figures
12
1.6
2.5
12
0.6
12
1.0
0.9
5.0
Instrumental Neutron Activation Analysis
13826 sigma(n=3)
32.2 0.28
117.4 1.3
34.3 0.44
0.34 0.021
1.48 0.035
0.12 0.025
0.83 0.058
6.12 0.11
14.3 0.54
9.40 0.26
2.67 0.14
0.92 0.03
0.42 0.064
1.72 0.057
0.27 0.02
Gedach
Rel Dev(%) et al. (1988)
0.9
1.1
13
62
2.4
203
7.0
1.8
3.8
2.7
52
33
15.1
3.3
7.4
32.3
118.3
34.2
1.5
0.09
0.87
6.00
15.3
9.32
2.55
0.93
0.47
1.66
0.26
Represtative
sigma Tbags Dev (%)
0.4 1.1
2.8 1.5
0.35 1.1
11
0.05
0.02
0.08
0.19
0.80
0.42
0.15
0.01
0.04
0.09
0.01
4.4
20
5.5
1.1
3.4
5.1
2.2
2.2
15
5.8
72
Table 2-A2-1
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BHVOV1
(nr17)
50.21
2.75
13.83
12.21
0.17
7.19
11.43
2.31
0.56
0.28
(n-lO)
290
133
21.3
9.05
392
140
25.1
188
19.2
SIO2Ti0
AI
Fe
Mn
Mg
Ca
Na
K
P
V
Ni
Ga
Rb
Sr
Ba
Y
Zr
Nb
sigma
0.03
0.005
0.01
0.01
0.0002
0.02
0.006
0.1
0.004
0.003
3.46
0.39
0.55
0.16
2.41
2.49
0.28
1.75
1.03
Rel. Dev. (%)
0.06
0.18
0.07
0.08
0.12
0.30
0.05
4.30
0.70
1.10
12
03
2.6
1.8
0.6
1.8
1.1
0.9
5A
Appoximate
Abundance
Sc
Cr
Co
Cs
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Value used
in Figures
25
150
32
1.1
2.7
0.3
2.3
13
30
17
3.6
1.2
0.5
1.8
0.3
1.0
1.5
1.1
8.0
4.0
20
6.0
13
35
3.0
35
25
15
5.0
73
spectrometry (Hart and Brooks 1977) tend to be systematically higher by about
20% than INAA determinations (Table A-2).
Isotopic Composition
Sr and Nd isotopic compositions of selected samples were determined at the
Massachusetts Institute of Technology, using methods described in Hart and
Brooks (1977) and Zindler (1980). In - run two sigma precision for analyses is
typically 0.005% or better. 87Sr/86Sr values are normalized to 86Sr/88Sr =
0.1194 and adjusted to correspond to an accepted value of Eimer and Amend
SrCO3 standard of 0.70800. 143Nd/ 144Nd is normalized to 144Nd/ 14 6Nd =
0.72190 and adjusted to correspond to an accepted value of BCR - 1 of
0.51264.
Oxygen isotopic composition was determined at the United States
Geological Survey in Menlo Park by L. Adami in the lab of J. O'Neil.
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Comparison of Isotope dilution, XRF, and INAA
Sample Element I.D. XRF INAA
3PL8 Cs 0.60 0.40
Rb 14.69 15.3
Sr 501.40 501.0
1PL18 Cs 0.97 0.74
Rb 20.46 20.8
Sr 473.40 472.5
2PL29 Cs 1.97 1.68
Rb 37.81 37.8
Sr
2PL10 Cs 3.30 2.74
Rb 56.14 52.3
Sr 470.60 496.0
3PL9 Cs 0.40 0.39
Rb 15.84 16.1
Sr 505.0
Table 2-A2-2
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CHAPTER THREE
Compositional Variations Among Recent Andean Lavas
of the Volcanic Front Between 330S and 420S:
Correlations with Upper Plate and Lower Plate Segment Boundaries
-196-
ABSTRACT
The Southern Volcanic Zone of the Andes between 330S and 420S is
divided into three segments by boundaries at 34.50S and 370S. The major
variation is crustal thickness. South of 370S the crust is 35 km thick. Between
370S and 34.50S, the crust thickens to 55 km, and remains at 55 km to 330S
(Hildreth and Moorbath, 1988). Another variable is the age of subducting
oceanic crust; it is older north of 370S. These geologically defined segment
boundaries have profound effects on the geochemistry of recent lavas.
In the thin crust south of 370S, lavas evolve by low pressure crystallization
and incorporate only small amounts of crustal materials. High Rb/Cs and low
La/Yb relative to lavas north of 370S indicate southern lavas formed by higher
degrees of partial melting of a garnet Iherzolite mantle, as a result of greater
amounts of slab fluxing by the younger subducting oceanic lithosphere.
In the thicker crust north of 370S, crustal contamination exerts a greater
control on magmatic compositional variation than in the thin crust segment to
the south. In the interval from andesite to rhyolite, upper crustal contamination
enriches lavas in Rb, Cs, Th, and causes isotopic variation. In the interval from
basalt to basaltic andesite, which major element modelling constrains to be in
the lower crust, small degree partial melts enrich magmas in Rb, Cs, Th, and
La/Yb. The most probable lower crustal protolith for the contaminant is a young,
arc-derived garnet granulite.
Both major element and trace element variations are required to separate the
chemical effects of upper crust, lower crust, and subduction zone. Major
element variation indicates low pressure suites (upper crust) and high pressure
suites (lower crust). Antithetic trends of Rb/Cs versus La/Yb regionally
(subduction zone control) and locally (lower crustal control), however, clearly
indicate a mixed control on basaltic compositional variation.
INTRODUCTION
Magmatism in convergent margin settings is the dominant mechanism of
mass transfer from the mantle to the crust and of crustal growth during the
Phanerozoic. The variety and compositional heterogeneity of magma source
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components, including the mantle, subducted oceanic crust and sediments,
subcontinental lithosphere, upper plate continental or oceanic crust, and the
complexity of melting processes in subduction zones, all generate large
uncertainties in elemental mass balance between these several reservoirs.
Knowledge of the mass balance is important, however, because it determines
the relative proportion of juvenile mantle material and recycled crust that
comprise convergent margin magmas. The mass balance indicates both to
what degree the mantle differentiates through melting and metasomatism in
subduction zones, and to what degree continents differentiate through addition
of mafic, mantle-derived material and through upward transport of felsic
components through crustal partial melting. The mass balance further implies
the rheologic state of the crust and its probable response to tectonic forces.
The Southern Volcanic Zone of the Andes is a product of an oceanic -
continental subduction zone with an active volcanic arc extending from 330 S to
460 S (Figure 1). Volcanic gaps delimit the arc segment as a whole, and are
thought to be caused by features of the subducting oceanic crust (Jordan et al.
1983). The northern terminus of active arc volcanoes at 330 S is marked by the
impingement of the Juan Fernandez Ridge on the Chile Trench, associated with
a shallowing of the Benioff Zone (Figure 1) (Barazangi and Isacks, 1976; Bevis
and Isacks, 1984). The northern end of the Chilean Central Valley and the
southern end of the Sierras Pampeanas structural province of Precambrian
basement uplifts also mark the 330 S boundary (Jordan et. al. 1983). The
southern terminus of active arc volcanoes at 460 S is marked by the
impingement of the active Chile Rise triple junction on the Chile trench (Figure
1) (Herron et al., 1981).
From west to east there are changes in the style of volcanism in the Southern
Volcanic Zone (Figure 1). The volcanic front consists of active andesite and
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Figure 3-1: Map of the Southern Volcanic Zone of the Andes, and features of
the subducting Nazca Plate and South American Plate. The Southern Volcanic
Zone is bounded by volcanic gaps, probably caused by the impingement of the
Juan Fernandez Ridge to the north and the Chile Rise Triple Junction to the
south on the Chile Trench. Volcanic Front volcanoes mentioned in the text are
identified, and divided according to the 34.50S and 370S segment boundaries.
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basalt - dacite stratovolcanoes. Fault controlled basaltic cones also occur
within the volcanic front; their relationship to the stratovolcanoes is uncertain
(e.g. satellite cones of Villarrica, Hickey et al. 1989). Immediately east of the
volcanic front, a heterogeneous magmatic zone occurs, including silicic
calderas and lavas (including between 36-370 S: Calabozos, Grunder et al.
1988; Puelche Region, Drake 1976; Laguna del Maule, Frey et al. 1984) and an
eastward extension of stratovolcanoes morphologically resembling those of the
volcanic front, and including andesitic and alkalic centers (Payun Matru - 360S,
Llambias 1966; Copahue - 380S, Pesce, 1987; Quetrupillan and Lanin - 39.50S,
Hickey et al. 1989; Tronador - 41°S,Larssen 1941). Further to the east in the
back arc of Argentina, a continuous north-south zone of recent alkalic basalts
also occurs (Figure 1) (Munoz and Stern 1987, Kay et al. 1988). The back-arc
alkalic basalts terminate at 34.50 S, rather than 330S as for the volcanic front
(Munoz and Stern, 1987; Charrier, pers. comm., 1986) (Figure 1). South of
380S the alkalic basalts contain mantle and lower crustal xenoliths (Skewes
and Stern 1978). North of 370S the "back arc" alkalic basalts overlap
geographically with the stratovolcanoes that lie east of the main focus of the
volcanic front thus smearing the distinction between "arc" and "back arc"
magmatism, and leading Munoz and Stern (1987) to coin the term "intra-arc
alkalic basalts."
In this paper, we consider only lavas from stratovolcanoes of the volcanic
front, because many of the volcanoes are well studied and the short term
temporal (<1 m.y.) variability in lava compositions at any one location is
reasonably well understood (Tormey Chapter 2, Gerlach et al. 1988, Hickey et
al. 1989, Davidson et al. 1988). Our approach is to study spatial variability
among active volcanoes that share the same tectonic setting, seeking to link
geochemical and geological variations. Future work will use the additional
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spatial constraints provided by the more easterly volcano-tectonic settings, and
to use temporal constraints provided by the long magmatic history recorded in
the Andes to gain fuller understanding of magmatic processes in convergent
margin settings.
In addition to the segment boundaries at 330S and 460S that define the
Southern Volcanic Zone, second order segment boundaries subdivide the
volcanic front geologically and geochemically along its length. An important
segment boundary occurs at 370 S, where the eastward projection of the Mocha
Fracture Zone on the subducting Nazca Plate intersects the volcanic front
(Figure 1) (Swift and Carr 1974, Herron 1981, Hildreth and Moorbath, 1988).
Subduction of terrigenous sediment and tectonic erosion of the overrriding
continental plate north of 370 S is suggested by a sediment - poor trench, the
seaward strike of the Jurassic magmatic belt, and the eastward migration of
volcanism from Jurassic to Quaternary (Futa and Stern, 1988). In contrast,
south of 370S the trench is filled with sediment. The age of subducting crust
north of 370S is about 40 my, while south of 370S the age is about 18 my
(Herron 1981) (Figure 1). Crustal thickening since the Miocene has been
different north and south of this segment boundary. North of 370 S, crustal
thickness as inferred from gravity data increases rapidly from 35 km at 370S to
55 km at 34.50S. Crustal thickness south of 370 S is relatively uniform at 35 km
(Hildreth and Moorbath 1988). Limited data suggests this boundary may be a
Paleozoic suture zone (Ramos et al., 1984). It is not clear whether the 370S
segment boundary is caused by features of the lower plate (Mocha Fracture
Zone, and proximity to the buoyant Juan Fernandez Ridge at 330S) or the upper
plate (pre-existing structures). As discussed later, this geologic segment
boundary is also a sharp geochemical boundary.
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A second segment boundary within the Southern Volcanic Zone occurs at
34.50S (Figure 1). There is no clear variation in the subducting oceanic crust at
34.50 S, other than the possibility of shallowing due to the proximity of the Juan
Fernandez ridge at 330S (Bevis and Isacks 1984). Changes in the continental
crust define this segment boundary. The intra and back arc alkalic volcanism to
the east is absent north of 34.50S (Figure 1). The rapid northward crustal
thickening beginning at 370 levels off at 34.50 (Hildreth and Moorbath, 1988).
North of 34.50S the volcanic front lies along the range crest, and volcanoes are
aligned slightly eastward of volcanoes further south (Figure 1). Over the last 2
my, the volcanic front south of 34.5 OS has migrated slightly to the west,
whereas north of 34.50 S it has remained relatively constant in position (Drake
1976). Exposed country rocks north of 34.50S are Proterozoic and Paleozoic in
age, in contrast to Mesozoic younging to Miocene cover south of 34.50 (Hildreth
and Moorbath 1988). This upper plate geologic segment boundary is also a
geochemical boundary.
These segment boundaries correlate with compositional differences among
lavas. To focus consideration of the data and as an aid in discussion, we
designate the segement from 330 to 34.50 as the Northern Southern Volcanic
Zone (NSVZ), the segment from 34.50 to 370 as the Transitional Southern
Volcanic Zone (TSVZ), and the segment from 370 to 460 as the Southern
Southern Volcanic Zone (SSVZ).
Theories regarding the sources and their relative contributions to orogenic
magmas in the Southern Volcanic Zone differ considerably. Hildreth and
Moorbath (1988), in a study of the segment between 330 and 370 S (NSVZ and
TSVZ), postulated a "profound zone of mixing, assimilation, and
homogenization (MASH) " at the base of the crust. Mantle - derived magmas,
bearing a minimal arc imprint, are intercepted by a partially molten lower crust,
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and after incorporating about 30% crustal material they reach a "base level"
magma, that is, a typical Chilean basaltic andesite. Virtually all inter volcano
variation and a significant "arc imprint" are attributed to this lower crustal MASH
zone. Hildreth and Moorbath (1988) used geochemical characteristics of NSVZ
andesites and dacites as probes of the lower crust, and then generalized their
results to the TSVZ and SSVZ. However, detailed studies of centers in the
TSVZ and SSVZ have identified low pressure processes as dominant in
controlling the compositional range from andesite to rhyolite, hence overprinting
the lower crustal signature by a variety of high level contaminants that affect Rb,
Cs, Th, and isotopic compositions, among others (Tormey Chapter 2; Davidson
et al. 1987; Gerlach et al.1988). The lack of basalts and basaltic andesites in
the NSVZ severely limits conclusions about any but shallow processes.
Basalts occur in the TSVZ, and cannot have incorporated 30% of a crustal melt
and still remain basaltic in bulk composition. Some features (La/Yb variation
within suites, for example) of NSVZ and TSVZ lavas appear to require lower
crustal contamination, but large scale melting of the lower crust is not required
to generate these features. Hildreth and Moorbath's (1988) observation that
wide ranges in "arc ratios" such as Ba/La and Ba/Nb can be generated by
crustal contamination sounds a note of caution about the use of evolved rocks
to infer mantle processes.
At the other extreme of sources and processes from Hildreth and Moorbath
(1988), Stern and coworkers (Stern et al. 1984; Futa and Stern, 1988) argue for
very little crustal input via assimilation and mixing with crustal melts. In their
model, the continental signature is derived from subducted terrigenous or
terrigenous plus pelagic sediments that are melted in the subduction zone and
included in the basaltic magmas, that is, source region contamination as
opposed to intracrustal contamination. In the NSVZ and TSVZ, however, many
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trace element and isotopic features vary with degree of crystallization in the
range basalt to basaltic andesite and dacite, indicating an intracrustal process
rather than source region contamination (Hildreth and Moorbath, 1988;
Davidson et al. 1987, Tormey Chapter 2). In addition, the uncertainties
introduced by using andesites and dacites as probes of the lower crust are
greatly increased when using them as probes of the mantle and subduction
zone.
Hickey et al. (1986) focussed on basalts and basaltic andesites from 360S to
420S (TSVZ and SSVZ), and inferred that crustal contributions to evolving
magmas are minimal because isotope ratios generally do not change from
basaltic andesites to rhyolites. They further noted that lavas with relatively high
abundances of incompatible trace elements are located east of the volcanic
front, and concluded that this variation among basic lavas was caused by either
lower degrees of mantle partial melting in the east due to a smaller amount of a
slab derived hydrous component, or greater input from subcontinental
lithosphere to the east. Overall, characteristics of Southern Volcanic Zone
basalts suggest mixing of a component characteristic of low abundance
magmas with melts of an OIB source mantle.
Part of the difficulty in reaching a consensus interpretation is that primary
basalts are absent in the Southern Volcanic Zone. The parental magma has 7
wt. % MgO, 8-10 wt % CaO, and has crystallized to some degree from a
composition that could be in equilibrium with mantle peridotite (Table 1), but
they are more MgO rich than those considered by Brophy and Marsh (1984) to
be primary melts of subducted oceanic crust. Use of Southern Volcanic Zone
basalts as probes of the mantle source requires separating crustal sources and
processes from mantle sources and processes, hence both detailed studies of
individual volcanoes and regional studies must be used as evidence. Detailed
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REPRESENTATIVE BASALTS
SELECTION CRITERIA: >5% MgO, <53% S102, Represent major basalt types
ELEMENT
Si02
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th-
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
87/86Sr
143/144 Nd
1PL19
52.55
0.91
17.36
9.12
0.15
6.80
8.72
3.33
0.97
0.20
27.4
195
209
36.0
88.7
86.4
18.0
19.1
478
0.80
260
16.5
110
4.1
2.80
0.21
1.94
12.4
30.5
16.5
3.50
1.09
0.47
1.57
0.25
PLANCHON
35.250S
3PL7
51.74
0.97
17.72
9.51
0.15
6.47
8.83
3.46
0.88
0.22
26.6
219
140
35.7
83.0
83.0
18.9
17.8
503
0.29
286
18.1
117
4.0
2.60
0.17
1.78
12.1
29.9
16.7
3.80
1.13
0.48
1.79
0.28
SAN PEDRO
360S
2PL28 ped 171
53.89
1.02
17.53
8.83
0.14
5.18
7.83
3.64
1.41
0.27
24.4
199
106
30.6
59.0
86.0
18.6
37.3
470
1.08
340
22.4
171
5.6
4.11
0.35
4.09
17.9
43.7
22.0
5.10
1.26
0.57
2.11
0.36
52.70
0.98
18.46
8.29
0.13
5.02
8.80
3.47
1.02
0.19
23.1
44.0
18.0
786
255
17.0
68
2.48
0.17
3.52
12.2
3.74
1.53
DESCABEZADO
35.80 S
ped 191 060283-9
52.60
0.95
18.92
8.45
0.13
5.33
9.24
3.60
0.86
0.20
22.4
53.14
1.02
18.16
8.83
0.16
5.28
8.67
3.60
0.84
0.24
24.2
201
85
30.7
50.8
78.0
20.6
17.0
603
0.80
252
15.0
78
2.5
2.00
0.22
1.70
43.0
13.0
809
212
16.0
50
2.07
0.13
1.92
9.6
3.32
1.32
0.70399
0.51280
9.1
22.5
13.4
3.23
1.06
0.35
1-56
0.20
0.70402
0.51278
Table 3-1
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REPRESENTATIVE BASALTS (continued)
ELEMENT
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
87/86Sr
143/144 Nd
ANTUCO
37.405
511777
52.86
0.99
17.22
10.30
0.17
5.78
8.15
3.43
0.67
0.23
25.5
185
119
43.6
91.8
88.0
18.1
15.8
523
0.99
198
17.1
82
2.3
1.70
1.62
9.4
24.2
13.7
3.20
1.08
0.52
1.81
0.31
LLAIMA
38.70S
511775 030381-3
52.80
1.02
18.29
7.92
0.15
5.65
8.75
3.48
0.78
0.19
27.6
186
129
31.7
50.8
72.1
19.3
21.1
556
1.20
236
15.9
87
2.6
1.77
2.32
10.6
26.3
14.7
3.10
1.17
0.56
1.75
0.29
51.89
1.02
17.86
9.82
0.16
5.93
9.70
3.04
0.58
0.21
32.2
230
97
34.4
45.9
96.0
19.3
11.5
456
0.91
165
19.6
78
1.4
2.06
0.11
0.87
7.5
20.8
12.5
3.37
1.05
0.57
2.14
0.33
0.70383 0.70384
0.51284 0.51284
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1212764
52.22
1.19
17.58
10.18
0.16
5.20
9.13
3.26
0.72
0.28
35.0
227
63
34.0
40.6
90.0
19.3
15.3
436
1.32
220
23.9
97
2.4
2.70
0.14
1.50
9.4
25.0
15.0
3.91
1.30
0.68
2.52
0.40
0.70404
0.51289
REPRESENTATIVE BASALTS (continued)
VILLARICA
39.50S
ELEMENT L21 (V2-2)
Si02
TiO2
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Sc
V
Cr
Co
Ni
Zn
Ga
Rb
Sr
Cs
Ba
Y
Zr
Nb
Hf
Ta
Th
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
87/86Sr
143/144 Nd
51.79
1.14
16.89
10.03
0.16
6.63
9.77
2.91
0.61
0.21
33.3
246
248
37.0
85.4
87.2
18.3
14.6
429
1.60
191
21.9
92
2.4
1.90
1.51
7.8
19.8
12.2
3.29
1.15
0.68
2.35
0.36
V2-4
51.97
0.98
16.90
9.51
0.16
7.40
9.81
2.92
0.58
0.19
31.3
223
333
34.9
102.0
80.0
18.7
12.9
439
1.10
182
19.5
84
1.9
2.00
0.13
1.30
7.3
18.7
11.9
3.05
0.92
0.49
2.04
0.31
PUYEHUE
40.50S
13826 220283-1
50.45
0.83
18.94
9.48
0.14
5.91
10.53
2.90
0.42
0.13
32.3
205
118
34.2
50.0
78.0
18.0
7.5
435
0.51
143
16.6
58
2.1
1.50
0.09
0.87
6.0
15.3
9.3
2.55
0.93
0.47
1.66
0.26
50.94
0.94
18.12
9.19
0.15
6.78
10.08
2.86
0.55
0.21
30.3
202
120
34.5
65.0
80.0
10.3
462
0.63
210
79
3.3
1.93
0.15
1.29
9.5
23.8
13.8
3.29
1.06
0.41
1.74
0.26
0.70403
0.51288
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272827
52.84
1.32
16.40
10.73
0.18
5.49
8.97
3.12
0.86
0.29
34.6
274
105
32.4
54.0
98.0
18.0
20.2
397
1.46
270
28.1
120
3.2
2.85
0.17
2.13
12.9
31.4
19.5
4.55
1.40
0.77
2.80
0.42
studies of individual centers deduce the contributions of the crust to evolving
magmas, the mineral assemblages during fractional crystallization, and the
range of compositional variation at individual volcanic centers. Regional
correlations of lava compositions and upper or lower plate changes can then be
used to infer changes in crystallization conditions and changes in the
contribution of subducted material or crustal material.
An additional cause of disagreement is that results of local studies are over-
generalized regionally, out of their original context. By focussing on the NSVZ,
where continental crust is thick, Hildreth and Moorbath (1988) find a strong
continental influence on arc lavas. By focussing on the SSVZ, where crust is
thin, Hickey et al. (1986) find a strong mantle and subcontinental lithosphere
imprint on arc lavas. Recognition and use of the segment boundaries at 34.50S
and at 370S allows grouping of volcanoes with similar characteristics, and
evaluation of the correlation of geophysical and geochemical changes in the
arc. In this paper we define geochemical parameters that change at the two
segment boundaries, and others that are unaffected by these boundaries.
Frequent reference will be made to two centers that have been studied in detail
and are considered representative of their segments: Planchon-Azufre in the
TSVZ, the northernmost volcanic front center with basalts, plus evolved lavas
extending to dacite (Tormey, Chapter 2), and Puyehue in the SSVZ, which has
a compositional range extending from basalt to rhyolite (Gerlach et al. 1988).
For each of these centers, the effects of crystallization and assimilation in the
crust were evaluated prior to identifying geochemical variations requiring more
complex or deeper level processes.
Our approach first assesses contributions from the upper crust, then the
lower crust, and finally the mantle. After using major element variations at
individual well-studied centers and constraints provided by phase equilibria to
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determine the predominant depths of crystallization in the three segments, we
use trace element and isotopic variations that correlate with crystallization to
assess the degree of upper and lower crustal contamination. Regional
comparison of primitive basalts constrains variation in melting proportions and
slab derived inputs. While this is our aim, and we can implicate each of the
reservoirs mentioned, some geochemical variations cannot unequivocally be
assigned to a single reservoir. Most difficult is distinguishing contamination by
a mafic, arc-derived lower crust from components derived in the subduction
zone and mantle. Not only do these two reservoirs have mineral phases and
compositional characteristics in common, but they are extremely
heterogeneous, can vary with time and thermal regime, and are rarely sampled
in their pristine state.
CHARACTERISTICS OF SOUTHERN VOLCANIC ZONE LAVAS
Mineralogy and Major Elements Characteristics
Basalts and basaltic andesites are rare in the NSVZ, comprise up to 60% of
TSVZ centers, and are the predominant rock type in the SSVZ (Moreno Roa
1974, Lopez-Escobar et al. 1977, Hildreth and Moorbath, 1988). In TSVZ and
SSVZ lavas, mineral assemblages are predominantly anhydrous: olivine-
plagioclase and olivine-plagioclase- clinopyroxene in mafic rocks, with
orthopyroxene replacing olivine in andesite and dacites. Apatite saturation
occurs at dacitic compositions, and at Puyehue (SSVZ) olivine re-appears in
rhyolites. Hydrous minerals occur sporadically in the TSVZ, as rare hornblende
andesites (Davidson et al. 1987) or biotite rhyodacites (Tormey Chapter 2,
Hildreth et al. 1984). Mineral assemblages in the NSVZ include hydrous
phases, with hornblende andesite the predominant rock type (Hildreth and
Moorbath, 1988). Magnetite is ubiquitious in lavas of all segments.
-210-
The major element compositions of primitive basalts from the TSVZ and
SSVZ are broadly similar, but SSVZ basalts have lower Si02 and higher A1203
and CaO than basalts from the TSVZ (1PL19-TVSZ, 13826, SSVZ Table 1 and
Figure 2). Sr is lower and Sc is higher in SSVZ basalts than TSVZ basalts, but
other compatible elements are similar among lavas of the two segments (Table
1).
In differentiation from basalt to basaltic andesite at Planchon (TSVZ), A120 3
increases with decreasing MgO until about 4% MgO, then decreases in the
related Azufre suite (Figure 2). At Puyehue (SSVZ), the interval of increasing
A12 03 is poorly developed, but in contrast to Planchon-Azufre the interval of
decreasing A1203 begins at 6% MgO, leading to lower A12 0 3 in evolved lavas
of Puyehue (Figure 2). There is considerable scatter in A1203 of Puyehue lavas
at 4-6% MgO, and specific samples that have accumulated plagioclase were
not identified by Gerlach et al (1988). The trend lines drawn in Figure 2 assume
the samples with greater than 20% A1203 are accumulates. For the Planchon
suite, two trends were identified (Chapter 2), and the trend shown in Figure 2 is
the predominant one (Groups 1 and 3, Chapter 2). The purpose of the trend
line is to allow a single parameter, A1203 at 5% MgO in this case, to describe
the overall variation at a volcano, and to compare this parameter for many
volcanoes. This technique has precedent (Gill 1981, Hildreth and Moorbath
1988), but sacrifices the compositional intricacies of each volcano. CaO
decreases with MgO in both Planchon and Puyehue, but at 5% MgO, CaO is
lower in Planchon lavas than in Puyehue lavas (Figure 2). These A120 3-CaO
systematics are observed regionally: at 5% MgO, NSVZ and TSVZ lavas have
higher A120 3 and lower CaO than SSVZ lavas (Figure 3). In concert with A1203
and CaO, Sr is higher and Sc lower in the TSVZ than in the SSVZ (Figure 3).
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Figure 3-2: A1203 and CaO Versus MgO for Planchon and Azufre lavas (TSVZ)
and post-glacial Puyehue lavas (SSVZ). Variation trends are similar for the two
volcanoes, but the interval of decreasing A1203 with decreasing MgO begins at
higher MgO for Puyehue lavas than for Planchon lavas. At 5% MgO, Puyehue
lavas have higher CaO and lower A1203 than Planchon lavas. This contrast is a
feature of the 370S segment boundary (see Figure 3).
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Figure 3-3: Sr, A120 3, CaO, and Sc values at 5% MgO, taken from least
squares regressions of elemental variation at individual volcanoes, plotted
versus latitude of the volcano (see Figure 2 for Planchon and Puyehue). Within
segments variation is erratic, but the 370S segment boundary is a clear marker.
South of the boundary (SSVZ), lavas have lower A1203 and Sr, higher CaO and
Sc, than lavas to the north (NSVZ and TSVZ). The difference arises from
different proportions of plagioclase and clinopyroxene in the fractionating
mineral assemblages.
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In contrast to mafic compositions, all segments (NSVZ, TSVZ, SSVZ) follow
similar major and compatible trace element trends in differentiation from
basaltic andesite to rhyolite: A1203 and CaO as well as Sr and Sc, decrease
(Tormey, Chapter 2, Gerlach et al., 1988, Hickey et al., 1989, Lopez-Escobar et
al., 1985). Although the trends of evolved lavas are similar among the three
segments, the differences in A120 3 , CaO, Sr and Sc contents generated
between basalts and basaltic andesites are inherited by evolved lavas; this is
best seen in a plot of Sr/Sc - Si0 2 (Hickey et al. 1988) (Figure 4). Among
basaltic andesites there is a greater range in Sr/Sc for TSVZ and NSVZ centers
than for SSVZ centers, probably due to greater amounts of clinopyroxene
fractionation in the TSVZ, and hornblende fractionation in the NSVZ. From
these heterogeneous basaltic andesite parents, magmas in the TSVZ and
SSVZ evolve to rhyolite with comparable Sr/Sc, suggesting equivalent
fractionation assemblages at low pressures.
Trace Element and Isotopic Characteristics
Among lavas with greater than 3% MgO, those from the TSVZ have higher
abundances of all incompatible trace elements, except for Cs and Yb, than
comparable lavas from the SSVZ (Figures 5 and 6). These differences are
apparent in the most primitive lavas (highest MgO in Figure 6, lowest Th in
Figure 5), and become more pronounced in evolved lavas.
La/Yb is uniformly low in SSVZ lavas, increases northward from 370S, and
is variable but high in the NSVZ (Figure 7). La is higher and Yb lower in
primitive lavas of the TSVZ than of the SSVZ, and La increases with a greater
slope as Yb increases in TSVZ lavas (Figure 8). Thus, variation in both La and
Yb generates the regional La/Yb trend. Sm and middle rare earth elements
show intermediate compatibility to that for La and Yb, indicating that
hornblende, a phase that preferentially incorporates middle rare earth
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Figure 3-4: Sr/Sc versus SiO 2 for various Southern Volcanic Zone centers.
SSVZ lavas have uniformly low Sr/Sc, and the ratio stays relatively constant
with fractionation. TSVZ lavas have higher and more variable Sr/Sc, but
evolution to high Si0 2 may still occur at constant Sr/Sc, as for SSVZ lavas.
NSVZ lavas have very high Sr/Sc, and the ratio increases considerably with
increasing Si0 2, possibly due to hornblende fractionation.
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Figure 3-5: Trace element abundance versus Th for basalt and basaltic
andesite lavas. There are no NSVZ centers and fewer TSVZ and SSVZ centers
than Figures 4, 10, 11, and 15 because those figures include evolved lavas.
TSVZ lavas (open symbols) have higher abundances of Ba, Rb, Zr, Nb, La, and
Th than SSVZ lavas, but lower Cs and Yb.
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Figure 3-6: Trace element abundance versus MgO to display fractionation
effects. Rb, Cs and Th show wide ranges of variation, increasing with
fractionation; Cs apparently correlates less due to the Villarrica suite. Nb is also
variable, but is not discussed.
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Figure 3-7: Ranges of La/Yb, Rb/Cs (i.d. data), 87Sr/86 Sr, and a018 measured,
and in SVZ lavas, plotted versus latitude. NSVZ and TSVZ centers have higher
and more variable La/Yb and Rb/Cs than SSVZ centers. The 370S segment
boundary is a minimum 87Sr/86Sr.
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Figure 3-8: La versus Yb for San Jose (NSVZ), Planchon-Azufre (TSVZ), and
post-glacial Puyehue (SSVZ) lavas. At Puyehue, La and Yb are almost equally
incompatible. At Planchon, Yb is more compatible and La more incompatible
than at Puyehue. At San Jose, Yb decreases as La increases. These
systematics are the basis of low and constant La/Yb in the SSVZ, higher and
more variable La/Yb in the TSVZ, and very high and variable La/Yb in the NSVZ(compare with Figures 7 and 11).
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elements, does not cause the La/Yb systematics in TSVZ and SSVZ lavas
(Hickey et al., 1986, Hildreth and Moorbath, 1988). In the NSVZ, the La and Yb
trend is reversed in slope from TSVZ and SSVZ trends (Figure 8).
Hornblende fractionation in NSVZ lavas partially contributes to this trend (see
La/Sm in Hildreth and Moorbath, 1988), and generates extremely high La/Yb.
Additional control by garnet, as in TSVZ lavas, is also probable.
Rb, Cs, and Th are the most incompatible elements in all suites, and ratios
with other highly incompatible elements such as La and Ba (which should be
nearly constant during fractional crystallization) vary by about 3-5 times (Figure
9). Th/La and Rb/La vary between similar values among lavas with greater than
3% MgO in the TSVZ and SSVZ, but lower Cs in TSVZ lavas completely
separate them from SSVZ lavas in Cs/La (Figure 9). Ratios typically high in arc
lavas, such as Ba/La and Ba/Nb, show broad overlap among all segments of
the Southern Volcanic Zone (Figure 10), although there is some inter - volcano
variability within individual segments (NSVZ - Hildreth and Moorbath, 1988, and
note Llaima (SSVZ) has anomalously high Ba/Nb). Typical values for MORB
and OIB are considerably lower than Southern Volcanic Zone lavas (Hickey et
al. 1984, 1986). Lower Cs in basalts of the TSVZ than the SSVZ leads to higher
Rb/Cs in the TSVZ than the SSVZ. Rb/Cs is the only "arc ratio" showing
significant North-South variation (Figure 7), and is decoupled from Ba/Nb and
Ba/La.
Including lavas with less than 3% MgO (andesites to rhyolites), TSVZ and
NSVZ lavas evolve to higher (Rb, Cs, Th)/La than SSVZ lavas (Figure 11).
Differences in La/Yb developed among basic compositions are inherited by
acid lavas in the TSVZ and SSVZ (horizontal trends in Figure 11). Evolved
NSVZ lavas vary considerably in La/Yb (vertical trends in Figure 11).
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Figure 3-9: (Rb, Cs, and Th)/La versus Th and MgO for basalt and basaltic
andesite lavas. Except for Villarrica, ratios increase with increasing Th and
decreasing MgO (increasing fractionation). All 4 elements are highly
incompatible and should not change during fractional crystallization; ratios
change by 3x and suggest the action of another process such as crustal
contamination. For Cs/La, additional factors, such as variable slab inputs, may
be operative (greatest at Villarrica).
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Figure 3-10: High Ba/Nb and Ba/La are characteristic of arc rocks. SVZ lavas
are "arc like" (Hickey et al. 1984, 1986), and except for very high Ba/Nb in
Llaima and Descabezado, relatively uniform in these ratios.
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Figure 3-11: (Rb, Cs, Th)/La and La/Yb versus SO02 (to demonstrate correlation
with crystallization) for NSVZ, TSVZ, and SSVZ centers. Osorno appears
because most of its lavas have <5% MgO, and Antuco is missing because it has
only a few lavas that fall within the SSVZ fields. Rb/La and Th/La increase with
fractionation, more so at NSVZ and TSVZ centers than at SSVZ centers. Cs/La
increases similarly to Th/La and Rb/La at most centers, but high Cs/La at
Osorno indicates more than simply contamination occurs regionally. Within
suites, however, overenrichment of Rb, Cs, and Th relative to La monitors
crustal input. La/Yb is relatively constant in SSVZ suites, higher in TSVZ suites
and more variable among basaltic andesites, and variable and high in NSVZ
suites.
-232-
80 *
0o0
O UO
S· · U
40 50 60 70 03
Si02 0
A
a0.
*A A
t x
o
• • Z
San JoseMaipo , NSVZ
3 4
Planchon,
Azufre
Peteroa TSVZ
Descabezado
San Pedro
Chillan
50 60 70
Si02
a: 0. 8 -
0.6
0.4-
0.2-
0
4L @
x
40 50 60 70
Si02
-233-
0
* 0O
40 50 60 70 80
S102
II I i l l " I | I I
II --- -- I---
- I n I i I i I
I I · 1 1 -
I I I
t
- ·•
hue)
I
I I
I m
I I40
I •
- Ii 
The 34.50S and 370S segment boundaries are also significant markers of
isotopic variation. The 370S segment boundary marks the lowest 87Sr/86Sr,
with 87Sr/86Sr increasing in mafic compositions to both the north and the south
(Figure 7). A second increase in isotopic composition occurs at the 34.50S
boundary, with 87Sr/86Sr much higher in the NSVZ than southern segments
(Figure 7). 143Nd/ 144 Nd variation is similar to that of 87Sr/86Sr, decreasing
from a maximum of 0.5129 at 370S to 0.5126 at 330S and 0.5128 at
420S(Lopez-Escobar et al., 1985). Pb isotopic compositions are essentially
constant in the TSVZ and SSVZ, but increase in the NSVZ (Hickey et al., 1986;
Hildreth and Moorbath, 1988). a018 is constant in the SSVZ, with some high
values occurring in evolved rocks in the NSVZ and TSVZ (Figure 7). In addition
to the regional isotopic trends among basalts, each center displays unique
variation on the Nd-Sr correlation diagram (Figure 12). In some cases (Azufre-
TSVZ Tormey Chapter 2), a unique upper crustal component is implicated as
the cause of the isotopic variation.
DISCUSSION
Contrasting Crystallization Conditions
Inferred from Major Elements
Among major elements, A120 3 and CaO vary significantly at the 370 S
segment boundary (Figure 2). Fractionation of clinopyroxene, relatively rich in
CaO, decreases CaO and Sc in derived liquids, and fractionation of
plagioclase, relatively rich in A12 03 , decreases A1203 and Sr in derived liquids.
Increasing the pressure and water content of the magma decreases the
percentage of plagioclase and increases the percentage of clinopyroxene in the
crystallizing asemblage (Eggler, 1972, Presnall et al. 1978, Baker and Eggler,
1983); thus AI20 3, Sr, CaO, and Sc systematics have barometric significance.
Comparing A1203 and CaO variation of Planchon (TSVZ) and Puyehue (SSVZ)
-234-
Figure 3-12: Nd-Sr isotope correlation diagram for recent Andean Volcanics.
Puyehue and Planchon-Azufre fields are shaded. TSVZ and NSVZ lavas
evolve to higher 87Sr/8 6Sr and lower 143Nd/ 144 Nd than SSVZ lavas. Each
volcano has unique variation, suggesting local crustal control. At Planchon -
Azufre, upper crustal limestone controls the variation to high 87Sr/8 6Sr at
constant 143Nd/ 144Nd (Tormey, Ch. 2).
-235-
14 3 Nd/1 44Nd
ir! in in iL n Ln i
ph co 0 ~
o
-236-
o
0
o
o
00)O
:, 4
I I I ,1171 ' I
I
OsO ti: g o,0 V):0% d034m
0C,)
IcD
C, L-
I I I I I I _ I _
d
lavas, we find high pressure crystallization prevalent in mafic compositions in
the TSVZ, and lower pressure crystallization in mafic lavas of the SSVZ. In
evolved compositions of all segments, low pressure crystallization dominates
compositional variation.
Basalt to Basaltic Andesite
Since basaltic andesites are rare in the NSVZ, discussion of the interval
from basalt to basaltic andesite focusses on lavas from the TSVZ and SSVZ. At
Planchon and Azufre (TSVZ), A1203 increases with decreasing MgO until about
4% MgO, then decreases (Figure 2). These trends reflect high pressure (8 kbar)
fractionation of olivine, clinopyroxene and less than 20% plagioclase to 4%
MgO, followed by low pressure, plagioclase dominated, crystallization to
generate Azufre dacites (Tormey, Chapter 2). At Puyehue, the early high
pressure crystallization is less pronounced than at Planchon, and the low
pressure, plagioclase dominated crystallization begins at higher MgO content,
about 6% (Figure 2). Lavas of Planchon, on thick crust, preserve a record of
high pressure, mafic phenocryst dominated crystallization, while Puyehue on
thin crust, shows low pressure, plagioclase dominated, crystallization
throughout its suite of lavas. The difference in CaO variation is less
pronounced than AI120 3 because clinopyroxene is an important part of both high
and low pressure fractionation assemblages (Figure 2). However, greater
proportions of clinopyroxene fractionation are inferred for Planchon lavas than
for Puyehue lavas (Tormey Chapter 2, Gerlach et al., 1988), leading to a
slightly lower CaO at 5% MgO for Planchon than for Puyehue, although the
CaO content of most primitive lavas is also important (Figure 2). Sr is
compatible in plagioclase and Sc is compatible in clinopyroxene; the
contrasting fractionating assemblages for Planchon and Puyehue should also
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be evident in Sr and Sc variation. In Figures 3 and 4 Planchon lavas have
higher Sr and Sr/Sc and lower Sc than Puyehue lavas.
The difference between Planchon and Puyehue basic lavas is also apparent
in mineral component projection diagrams (calculated using the algorithm of
Grove et al., 1982) (Figure 13). The 1 atm olivine-clinopyroxene-plagioclase
cotectic of normal MORB (Tormey et al. 1987) overlies that for calc-alkaline
compositions determined by Grove et al. (1982, see also Tormey et al. 1987)
and is plotted in Figure 13 for comparison to the Andean magmas. Also plotted
is a probable 8 kbar olivine-plagioclase-clinopyroxene cotectic constrained by
olivine-clinopyroxene saturated experiments of Gust and Perfit (1987). The
direction of movement of the cotectic expands the stability field of clinopyroxene
at the expense of olivine and plagioclase (this is also the direction of minimum
analytical uncertainty, Tormey et al. 1987).
Planchon lavas lie near the 8 kbar olivine-clinopyroxene saturated
experimental liquids (Figure 13). The plagioclase component is greater in
Planchon lavas than in the experimental liquids of Gust and Perfit(1987), hence
Planchon lavas may define an 8 kbar olivine - plagioclase - clinopyroxene -
liquid cotectic (Tormey, Chapter 2). Puyehue lavas are displaced to lower
pressures from the Planchon field, but they are well away from the 1 atm
cotectic, and perhaps closer to a 5 kbar cotectic (Figure 13). The major element
variation between basalt and basaltic andesite may represent isobaric cotectics
(at 8 kbar and 5 kbar), or may be the integrated result of polybaric crystallization
that generates a cotectic-like trend. In either case, mafic lavas from Planchon
(TSVZ) evolved at higher average pressure than Puyehue lavas (SSVZ).
Within the entire volcanic front, A120 3, Sr, CaO and Sc do not smoothly
correlate with latitude (Figures 3 and 4), as noted for the NSVZ and TSVZ by
Hildreth and Moorbath (1988). However, differences between segments are
-238-
Figure 3-13: Mineral component ternary diagram, calculated using the Grove et
al. (1982) algorithm; projection from plagioclase onto the plane olivine-
clinopyroxene-quartz. 1 atm cotectic is from normal MORB experiments, but
overlaps the array for calc-alkaline lavas (Tormey et al., 1987). Both Planchon
and Puyehue mafic lavas lie well away from the low pressure cotectic, with
Planchon lavas at highest pressures (cotectic moves to expand clinopyroxene
stability at the expense of olivine and especially plagioclase (Presnall et al.,
1978)). Planchon lavas lie near 8 kbar olivine-clinopyroxene saturated
experiments of Gust and Perfitt (1987). Puyehue may be near a 5 kbar cotectic.
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significant. NSVZ and TSVZ lavas have uniformly higher AI20 3 and Sr, lower
CaO and Sc, than SSVZ lavas (Figures 3 and 4). As the crust thickens
northward, the percentage of plagioclase in the fractionating assemblage
decreases. A similar effect is produced by increased water content in magmas,
but water contents inferred from mineral equilibria for Planchon and Puyehue
lavas are comparable (Tormey Chapter 2, Gerlach et al. 1988), and indicate that
water content is not the dominant control on plagioclase stability. We conclude
that at the 370 S segment boundary the evolution from basalt to basaltic
andesite changes from relatively high (TSVZ) to low (SSVZ) pressures of
crystallization. In the SSVZ, moderate crustal thickness imposes a 5 kb regime
on evolving basaltic lavas. In the TSVZ an 8 kb regime controls the major
element composition of evolving magmas. These two regimes may either
represent single depths of crystallization, or be the integrated effect of polybaric
fractionation in dikes and pods during ascent through the crust, producing an
apparent cotectic. Regardless, TSVZ magmas evolve further at higher average
pressure than SSVZ lavas. Mafic phenocryst fractionation plays an increasing
role in generating high alumina basalt compositions as the crust thickens.
Andesite to Rhyolite
In contrast to differentiation from basalt to basaltic andesite, production of
dacites and rhyolites occurs in the shallow crust of the TSVZ and SSVZ.
Mineral proportions required to relate basaltic andesites to dacites in SSVZ
and TSVZ centers that have been studied in detail are dominated by
plagioclase (SSVZ: Puyehue (Gerlach et al. 1988), Villarrica (Hickey et al.,
1989), and Mocho - Choshuenco (McMillan et al. 1986) TSVZ: Azufre (Tormey
Chapter 2) and San Pedro-Pellado (Davidson et. al., 1988)). As a result,
dacites have low A1203 and Sr relative to basaltic andesites. Plagioclase rich
fractionating assemblages only appear to be stable at low pressures and water
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contents (Eggler 1972, Presnall et al. 1978). Restricted major element
compositional ranges in NSVZ lavas complicates any simple division of upper
and lower crustal regimes as we have done for the TSVZ and SSVZ. Stability
of hydrous phases, implying higher magmatic water contents, makes
plagioclase proportions an unreliable barometer. Although basalt to basaltic
andesite differentiation trends reflect a difference in pressure of fractionation at
the 370 S segment boundary, further differentiation to produce dacites and
rhyolites occurs at low pressures throughout the SVZ.
Mineralogic Contrasts
Hornblende is common in NSVZ andesites and dacites, but andesites in the
TSVZ and the SSVZ contain clinopyroxene and orthopyroxene. Cawthorn
(1976) and Naney (1983) found that high alkali and CaO abundances are
important for amphibole stability. However, these elements have similar
abundances throughout the SVZ, or are lower in the NSVZ than TSVZ and
SSVZ. Most authors (Helz 1973, Eggler 1972 ) emphasize the importance of
high PH20 in stabilizing amphibole. In the Southern Volcanic Zone major
element composition appears to play a secondary role to volatile contents and
pressure in stabilizing amphibole. Only in the thick crust north of the 34.50 S
segment boundary are volatile contents of magmas high enough (presumably
derived from the crust) to stablize amphibole.
Biotite occurs in rhyodacites of a few NSVZ and TSVZ centers (Hildreth and
Moorbath, 1988; Tormey, Chapter 2), but is absent in evolved magmas of the
SSVZ. As for amphibole in andesitic compositions, a volatile content control is
suggested for biotite in rhyodacitic compositions. However, biotite appearance
is sporadic among rhyodacite lavas, even from the same center.
In summary, major element and mineralogic variation indicates significant
differences in crystallization conditions between the three segments. Within
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each segment there is broad compositional overlap among centers, but
between segments the differences are clear. Water contents are highest in the
NSVZ, and uniformly low in the TSVZ and SSVZ. Basalt to basaltic andesite
crystallization occurs at relatively deep crustal levels, at about 24 km in the
TSVZ and 15 km in the SSVZ. In contrast to lower and mid-crustal evolution of
basalts and basaltic andesites, evolved lavas form at shallow crustal levels.
The contrasting crystallization conditions among the three segments, inferred
from major element variation, provides a framework to interpret trace element
and isotopic variations derived from the upper crust and the lower crust. Our
approach in the following sections will be to evaluate effects at shallow levels
before deeper levels. First, the compositional range from andesite to rhyolite is
generated at shallow crustal levels in all segments. In this compositional range,
Rb, Cs, and Th are overenriched relative to other highly incompatible elements
in evolving lavas (Rb/La = 1.8-6, Th/La = .2-.8, Cs/La = .08-.3 (Figure 11)),
and Sr and Nd isotopic compositions vary in lavas of the NSVZ and TSVZ
(Figures 7 and 12). These trace element and isotopic variations that correlate
with low pressure crystallization occur in and are probably derived from the
upper crust. Second, the compositional range from basalt to basaltic andesite
is generated at lower crustal levels in the TSVZ, shallowing to mid crustal levels
in the SSVZ. In this compositional range, Rb, Cs, and Th are again
overenriched relative to other highly incompatible elements (Rb/La = 1-3,
Th/La = .1-.3, Cs/La = .02-.2 , Figure 9) and modest isotopic heterogeneities
are generated (Gerlach et al., 1988; Hickey et al., 1989). In the TSVZ, La/Yb
also increases during this mafic crystallization interval (Figure 11). Trace
element and isotopic variations that correlate with moderate pressure
crystallization occur in and are in part derived from the deep crust (lower crust in
TSVZ, middle to lower crust in SSVZ). Finally, in comparing primitive basalts,
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there is not a major element liquid line of descent framework with which to
interpret the considerable trace element and isotopic contrasts. Trace element
and isotopic variation observed among primitive lavas (that does not correlate
with moderate pressure crystallization) can be attributed to either lower crustal
input, or input from the mantle and subducting oceanic crust.
Contrasting Crustal Contributions During
Low Pressure Differentiation
Dacites and rhyolites in all segments form at shallow crustal levels. In the
SSVZ, incompatible trace element abundances increase in agreement with
percentages of crystallization predicted by major element models (Gerlach et al.
1988,Hickey et al.,1989), or are slightly over - enriched in Rb and K (McMillan et
al. 1986). Isotopically, basalts and basaltic andesites are more variable than
evolved rocks (Gerlach et al. 1988, Hickey et al., 1989). The upper crust of the
SSVZ therefore contributes little to evolving magmas except minor over-
enrichments of Rb, Cs, and Th. Dacites and rhyolites directly inherit the
compositional characteristics of basaltic precursors.
In the TSVZ, Rb, Cs, and Th are also overenriched in evolved rocks relative
to other incompatible elements, such as La (Tormey Chapter 2, Davidson et al.
1988), but to a greater degree than in the SSVZ (Figure 11). The anomalously
high abundances of Rb, Cs, and Th are attributed to assimilation of less than
10% of upper crustal materials (Tormey Chapter 2; Davidson et al., 1988). In
contrast to the SSVZ, evolved rocks of the TSVZ have higher 87Sr/86Sr and
143Nd/144Nd than basaltic parents (Tormey, Chapter 2; Davidson et al., 1988;
Hildreth and Moorbath 1988). Hence, not only is there a greater amount of
upper crustal contamination in the TSVZ lavas than SSVZ lavas , but the TSVZ
contaminants are isotopically distinct. At Peteroa, a TSVZ andesitic center in a
cluster with Planchon and Azufre (Tormey Chapter 2), mixing and apatite
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mixing and apatite fractionation have produced dacites with higher La/Yb (11
versus 7) and lower 87Sr/s8 Sr (.70 42 versus .7048) than spatially associated
dacites from Azufre. Hence, although the upper crustal input to TSVZ magmas
is less than 10%, evolved lavas with variable compositions are created by
crustal assimilation. Evolved TSVZ lavas do not reliably indicate the
characteristics of parental basalts, as they do in the SSVZ.
During partial melting of the upper crust, Rb, Cs, and Th are the most
incompatible elements and will be enriched in partial melts of an igneous
protolith. The enrichment will be emphasized if accessory phases retain rare
earth elements and high field strength elements, and feldspar retains Ba and
Sr. Th is more immobile during vapor phase transport than Rb and Cs (Leroy
and Turp;n, 1988), so metasomatic processes should fractionate Rb and Cs
from Th. Since they behave coherently in Andean magmas, Rb, Cs, and Th
contamination most probably occurs by incorporation of small degree partial
melts of igneous continental crust (Tormey, Chapter 2).
NSVZ lavas display the greatest amount of inter volcano variability
(Hildreth and Moorbath 1988). Lavas with less than 55% Si0 2 are missing from
NSVZ volcanoes, so we cannot evaluate the degree to which heterogeneity in
basaltic andesites has led to heterogeneity in andesites and dacites. However,
Stern et al. (1984) and Hildreth and Moorbath (1988) have indentified Volcan
Marmolejo - San Jose as having a clear upper crustal component because of
extremely high 87/86 Sr and a018 in evolved lavas. NSVZ volcanoes evolve to
higher 87Sr/86Sr and lower 143Nd/ 144Nd with differentiation, and reach more
extreme values than in the TSVZ and SSVZ (Figure 12). By analogy with the
TSVZ, it is probable that much of the NSVZ's intervolcano variability arises in
the upper crust, but the lack of a large range in compositions makes it difficult to
ascribe variability to upper crustal or lower crustal reservoirs.
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Each volcano is distinct on the 87Sr/e8 Sr- 143Nd/144Nd correlation diagram
(Figure 12). No single contaminant can be responsible for this style of variation;
the idiosyncracies suggest local crustal control. Within some NSVZ and TSVZ
suites (Marmolejo-San Jose, Tupangato, Azufre, and San Pedro) increasing
87Sr/86Sr and decreasing 143Nd/144 Nd correlates with degree of crystallization
(Tormey Chapter 2, Hildreth and Moorbath, 1988) and evolved lavas are more
variable than primitive lavas. Upper crustal contamination is indicated for
isotopic variations in andesites to rhyolites, but a heterogeneous upper crust
leads to distinctive variation at each volcano. Within SSVZ suites, silicic rocks
overlap mafic rocks (Gerlach et al., 1988; Hickey et al., 1989); most isotopic
variation is in basalts and basaltic andesites, so upper crustal contamination is
not detected isotopically in the SSVZ.
In summary, compositions from andesites to rhyolites in all segments evolve
at low pressures by crystallization from basaltic andesite parent magmas. In the
SSVZ, the crustal contribution (<5%?) is only detectable as enrichments of Rb,
Cs and Th; evolved rocks inherit the character of their basaltic andesite parents.
The imprint of the upper crust is clearer in TSVZ and NSVZ lavas than in SSVZ
lavas; it is evident in both the most incompatible trace elements and isotopic
systems. At Planchon-Azufre (TSVZ), less than 10% upper crustal material is
incorporated (Tormey, Chapter 2). In the NSVZ, no detailed studies have
estimated the percentages of upper crustal contamination, but it is probably not
less than 10%, and perhaps more. In the thick crust segments, andesites to
rhyolites are variably overprinted by upper crustal contamination and are
unreliable indicators of deeper level processes.
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Lower Crustal Contributions During
High Pressure Differentiation
In the previous section, we noted that significant and compositionally
variable upper crustal inputs have overprinted TSVZ and NSVZ magmas more
evolved than andesite. Because the upper crust is heterogeneous it is difficult to
accurately remove the crustal overprint; hence these lavas are unreliable
probes of lower crustal or mantle inputs. Recent study of Azufre-Planchon-
Peteroa (Tormey, Chapter 2) has emphasized multiple depths and reservoirs
contributing to magmatic evolution in the crust, and the errors in interpretation
that arise when ignoring processes during multi-level development. Andesite-
dacite volcanoes preserve only the end point of complex compositional
evolution in the crust, and lack information on the compositional path taken to
that point. A significant lower crustal input can be inferred (Hildreth and
Moorbath, 1988), but without basaltic and basaltic andesite precursors one
cannot distinguish 30% lower crustal imput from 15% lower crust and 15%
upper crust. In constraining lower crustal inputs, our focus will primarily be on
magmas with greater than 3% MgO from the TSVZ and SSVZ. We first consider
compositional characteristics of lavas from all centers, aind whether lower
crustal contamination may generate these characteristics. We then use the well
studied Planchon (TSVZ Tormey, Chapter 2) and Puyehue (SSVZ Gerlach et
al., 1988) suites to calculate the compositions of contaminants that would be
required. We conclude that lower crustal contributions are important in the
compositional range from basalt to basaltic andesite, with percentages of lower
crustal input increasing as the continental crust thickens. In contrast,
intervolcano variability among primitive (MgO > 5%) basalts is probably not
caused by lower crustal contamination.
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Rb, Cs, and Th are the most incompatible elements during differentiation
from basalt to basaltic andesite in all suites, and are fractionated relative to
other highly incompatible elements such as La (Figure 9). There is overlap
between TSVZ lavas and SSVZ lavas in Rb/La (1-3) and Th/La (0.1-0.3), but
Cs/La varies from .02 to 0.12 in the TSVZ and from .07 to .25 in the SSVZ.
Th/La and Rb/La generally increase with increasing Th and decreasing MgO
(Figure 9). Cs/La behaves similarly to Th/La and Rb/La, with Villarrica lavas
offset to high Cs/La by their high Cs abundances (Figure 9). As with upper
crustal contamination, the lower crustal enrichments of Rb, Cs, and Th are
greater than predicted by major element models, and indicate assimilation of
crustal partial melts during fractional crystallization. The alternative
explanation, that Rb, Cs, and Th correctly monitor degree of crystallization while
the major elements underestimate it, is unlikely because other highly
incompatible elements, such as La, agree with major-element derived degrees
of crystallization (Tormey Chapter 2, Gerlach et al. 1988). Rb, Cs, and Th
overenrichments occur throughout magmatic differentiation in the continental
crust, and are monitors of crustal input.
Rb/Cs, usually an indicator of subduction zone input (Morris and Hart,
1983), varies considerably in TSVZ and NSVZ suites, but is more restricted in
SSVZ suites (Figure 7). With increasing crystallization and assimilation, Rb/Cs
decreases in TSVZ and NSVZ lavas, becoming more "arc-like" (Figure 14). In
agreement with Hildreth and Moorbath (1988), we find that some typical arc
characteristics, such as low Rb/Cs, can be generated by crustal contamination.
The lower crustal contamination trend at Planchon is antithetic to the regional
Rb/Cs trend among primitive basalts (Figure 14). Hence, while lower crustal
contamination decreases Rb/Cs in evolving Planchon magmas, the regional
trend differs from the local contamination trend, implying a different, probably
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Figure 3-14: Rb/Cs versus Th and La/Yb for mafic lavas. In the Planchon suite,
lower crustal contamination decreases Rb/Cs, making contaminated lavas more
"arc-like" (Tormey, Ch.2). Among less contaminated lavas, La/Yb correlates
with Rb/Cs ("subduction zone" in bottom diagram) and suggests a process that
affects both. If Rb/Cs is a monitor of slab fluxing of the mantle wedge, then low
Rb/Cs may indicate higher degrees of melting of a gamet Iherzolite source,
hence low La/Yb. The Planchon lower crustal contamination trend is
supperimposed on the melting trend (indicated in Figure).
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subduction zone, source for the regional trend. When we quantitatively
evaluate lower crustal contaminants for Planchon lavas, they resemble partial
melts of arc magmas. Although an "arc like" Rb/Cs is produced in Planchon
lavas by lower crustal contamination, the lower crustal source itself must be arc
derived, so the ultimate source of distinctive Rb/Cs is still the subduction zone.
In contrast to trends in silicic rocks, rare earth elements and La/Yb vary
considerably among TSVZ mafic lavas and correlate with high pressure
differentiation from basalt to basaltic andesite (Figures 11 and 15). In the
SSVZ, La and Yb are almost equally incompatible (Figure 8). In the TSVZ, La is
highly incompatible, and Yb is more compatible than in SSVZ suites (Figure 8).
In part, the compatability of Yb in TSVZ lavas follows from the greater proportion
of clinopyroxene crystallization than in SSVZ lavas, but the range of La/Yb in
Planchon lavas, for example, is far greater than that produced by clinopyroxene
fractionation alone (Tormey Chapter 2).
Garnet is required to account for La/Yb variation between TSVZ basalts and
basaltic andesites, most probably as a residual phase in the crust during
contamination. Direct garnet fractionation from evolving magmas is unlikely to
be responsible for the La/Yb variation, because garnet is only a near liquidus
phase at great depths (60 km, Johnston, 1986), and the amount of garnet
required to explain A1203 variation (20% in Planchon mafic lavas) would
increase La/Yb far beyond observed values. Deriving the garnet La/Yb
signature through lower crustal melting and contamination is more likely.
The changes in La/Yb caused by lower crustal contamination in the
crystallization interval from basalt to basaltic andesite can be large, but an even
larger variation is seen regionally among primitive basalts. A plot of La/Yb
against a ratio controlled by both upper and lower crustal contamination, Th/La,
displays the decoupling (Figure 15). All centers have a wide range in Th/La, a
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Figure 3-15: La/Yb versus Th/La for basic and acid lavas from the NSVZ, TSVZ
and SSVZ. Th/La monitors crustal input; for TSVZ and SSVZ centers Th/La
varies far more than La/Yb. La/Yb versus Th for mafic lavas (bottom diagram)
demonstrates that most La/Yb variation within individual suites is among basic
lavas. SSVZ and TSVZ have horizontal trajectories in the upper diagram; the
greatest La/Yb variation occurs between primitive lavas regionally. While
regional La/Yb variation may be due to crustal contamination (as within-suite
La/Yb variation is), it is more likely due to varying degrees of melting of a garnet
Iherzolite mantle.
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modest range in La/Yb among mafic rocks (low Th/La), but large inter volcano
variability in La/Yb (Figure 15). Unlike La/Yb variation from basalt to basaltic
andesite at individual centers, the regional La/Yb variation cannot be correlated
with fractionation sequences. The regional variation among primitive basalts
may also be due to lower crustal contamination, or it may be due to variations
in the mantle derived component.
In addition to specific contrasts in Rb, Cs, Th, and La/Yb between SSVZ and
TSVZ lavas, basaltic lavas from the TSVZ have higher abundances of most
incompatible elements than lavas from the SSVZ, with the exception of Cs and
Yb which are lower in the TSVZ than in the SSVZ (Figures 5 and 6). The
contrasts among basalts increase in the crystallization interval to basaltic
andesite, and the most highly incompatible elements are much more enriched
in the TSVZ than in the SSVZ, while Yb is much lower in the TSVZ than in the
SSVZ (Figures 5 and 6). Hence, a component of the contrast between TSVZ
and SSVZ basaltic andesite trace element abundances arises in the crust, but
the regional contrast in trace element abundances in the most primitive basalts
cannot be as confidently ascribed to crustal contamination. Either TSVZ
primary magmas have intrinsically different abundances of incompatible
elements than SSVZ primary magmas (that are subsequently inherited by the
basalts), or TSVZ and SSVZ primary magmas have the same composition, but
in the crystallization interval from primary magma to most primitive basalt the
compositional trends of the TSVZ and SSVZ diverge.
Isotopically, the increase in 87Sr/ 86Sr and decrease in 143Nd/144 Nd from
370 north to 330 is an increase in the lowest value at each volcano, and an
increase in each volcano's variability (Figure 7 for 87Sr/86Sr). The variation
correlates with increasing crustal thickness and may indicate greater volumes of
a crustal component in erupted lavas. However, the same increase in baseline
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87Sr/86Sr is observed from 370 south to 420, all on similar thickness crust
(Figure 7). Further, within individual SSVZ suites, isotopic variation is limited,
and is less than inter volcano isotopic variablifty. The reason for the increase in
87Sr/86Sr south of 370S is an unresolved question. Oxygen isotopic values are
similar for basaltic andesites from both the TSVZ and SSVZ (Figure 7). Only in
upper crustal contamination does a018 routinely increase: during lower crustal
contamination a018 can remain constant. Low j018 in SVZ lavas implies that
lower crustal contaminants have not been through the weathering cycle;
sedimentary protoliths cannot be the lower crustal contaminant, but subduction
zone derived magmas in the garnet granulite facies are possible.
Calculations of Lower Crustal Contaminants
Quantitative modelling of lower crustal contamination requires several
assumptions and associated uncertainties. Perhaps the most uncertain
parameter is the lower crustal composition. In the lower crust of the Southern
Andes, sedimentary protoliths can be pelites or carbonates, igneous and
metamorphic protoliths can be ancient continental crust, or derivatives of
subduction zone magmatism such as garnet granulites (basaltic bulk
composition) and tonalites, or the dehydrated residues of partial melting.
Variation in possible lower crustal compositions is too large to be an effective
constraint on the contamination process. Hence, we take lavas suspected of
being related by lower crustal contamination and calculate the composition of
contaminant required to relate them. Comparison of the calculated contaminant
to possible lower crustal compositions tests the plausability of the assumption
that the lavas are related by contamination. Fractional crystallization during
assimilation also affects compositions, but will be neglected in these
calculations; our assumption is that fractionating minerals will not appreciably
alter incompatible element ratios (or the patterns in incompatible element
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diagrams). We first calculate lower crustal contaminants for the interval basalt to
basaltic andesite in the Planchon suite. We then evaluate the hypothesis that
lower crustal contamination relates primitive basalts on a regional scale by
calculating the lower crustal contaminant required to relate a primitive basalt
from Planchon to a primitive basalt from Puyehue.
Both the Planchon (TSVZ) and Puyehue (SSVZ) suites have variable basalt
and basaltic andesite lavas, and span most of the range seen in the SVZ as a
whole. Sample 13826 from Puyehue (Gerlach et al. 1988), is similar to other
SSVZ basalts from Antuco, Llaima, and Villarrica (Table 1). From the Planchon
suite, sample 3PL 7 is most primitive in terms of trace elements, and sample
1PL 19 is the highest MgO non-accumulative lava, and is the preferred parent
composition in fractional crystallization calculations (Tormey Chapter 2).
Within the Planchon suite, samples 1 PL 19 and 3PL 7 cannot be related by
fractional crystallization alone because of differences in La/Yb, Rb, Cs, and Th
(Tormey Chapter 2). Assuming they are related by lower crustal contamination,
the composition of the required component can be calculated (Figure 16). The
absolute amount of contamination depends on elemental abundances in the
crustal component and the amount of crystallization that each magma
underwent during ascent from the lower crust. However, the shape of the trace
element pattern (Figure 16) will remain the same regardless of the absolute
concentration of elements; only large amounts of clinopyroxene fractionation
will alter the shape significantly. The very high La/Yb (45) is the distinguishing
characteristic of the Planchon lower crustal contaminant, and requires
equilibration of the partial melt with garnet in the lower crustal residue of partial
melting (Tormey Chapter 2). The high Rb and Cs calculated are atypical for
lower crustal estimates (Figure 16). Most estimates of lower crustal lithologies
presume there has been dehydration, and hence they have low Rb and Cs
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Figure 3-16: Calculated crustal contaminants required to relate a primitive
Planchon sample (3PL 7) to a parental Planchon sample (1PL 19), %
contaminant = 15% ("Planchon"); and to relate a parental Puyehue sample(13826) to a primitive Planchon sample (3PL 7), % contaminant = 15%("Puyehue-Planchon"). Changing the % contaminant would shift the patterns
vertically, but would not change the shape. The patterns are grossly similar,
particularly in requiring a high La/Yb contaminant and garnet control. Cs is very
different between the two contaminants, however, and indicates that lower
crustal contamination alone cannot relate Planchon and Puyehue lavas to a
common precursor. Shown for comparison are estimates of lower and upper
crustal compositions (Taylor and McClennan, 1985). If contamination occurs in
the lower crust, the lower crust is enriched in Rb, Cs, and Th relative to the
estimated lower crustal composition. Eclogite of basaltic bulk composition
derived from the subduction zone and situated at the base of the crust may be a
component of the contaminant.
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(Taylor and McClennan, 1985). The high Rb and Cs calculated for lower
crustal contaminants of Planchon lavas suggest that the portion of the lower
crust that provides the contaminant is itself a subduction-zone derived
composition, probably underplated basaltic garnet granulite, that has not been
depleted by partial melting. Rb, Cs, and Th are further enriched from
abundances in the protolith by low degrees of partial melting.
Within the Puyehue suite, Gerlach et al. (1988) noted that some of the
compositional variability among basaltic andesites suggested lower crustal
contamination, but did not calculate the contaminant's composition. The
character of the added component has much lower La/Yb (about 6) than that at
Planchon because of uniform La/Yb among Puyehue lavas, but is otherwise
similar. The amount of contaminant required for Puyehue (SSVZ) is probably
less than for Planchon (TSVZ), assuming similar concentration levels in the
contaminant. If the contaminant is a small degree partial melt with high Rb, Cs,
Th, and La/Yb, about 12% is required for Planchon lavas (TSVZ) (lower limit
given by dilution of Yb). With clinopyroxene fractionation and perhaps minor
garnet fractionation, less than 12% lower crustal contaminant is required.
The compositions of NSVZ lavas indicate more crustal input than in TSVZ
lavas (Stern et al. 1984, Hildreth and Moorbath 1988). If most of the crustal
input to NSVZ lavas is derived from the lower crust, then in the thick crust of the
NSVZ a partially molten lower crustal zone that intercepts primary basalts, adds
about 30% crust and homogenizes the product for delivery to the surface
(MASH zone of Hildreth and Moorbath, 1988) may indeed be operative. In the
thinner crust of the TSVZ the lower crustal input is 10-15%, so a partially molten
lower crustal zone is poorly developed, allowing eruption of lightly
contaminated basalts and basaltic andesites. In the SSVZ, such a zone
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probably does not exist because lower crustal input to evolving magmas is
small.
Very little isotopic variation results from lower crustal contamination in the
TSVZ and the SSVZ. Within the Planchon suite, 87Sr/86Sr is constant at 0.7040
(Tormey Chapter 2), and at Puyehue varies from .7038 to .7041. This implies a
lower crust with either low Rb/Sr, or a young lower crust. Oxygen isotopes do
not vary during the presumed lower crustal contamination, indicating the lower
crustal material has not been through the weathering cycle. The isotopic, Rb,
Cs, and La/Yb characteristics of the calculated crustal components are satisfied
by a young eclogitic lower crust, most probably formed by accumulation of arc -
derived magmas, underplated as envisioned by Jakes and White (1971) and
Gromet and Silver (1987). The variation of rare earth elements with crustal
thickness observed in the active SVZ is similar to that observed with time as the
crust thickened since the Miocene near 320 S (Kay et al., 1987).
We next explore the possibility that regional trace element variation among
primitive basalts is due to lower crustal contamination. The results of
calculations relating Puyehue sample 13826 (parental composition) to primitive
(apparently least contaminatied) Planchon sample 3PL 7 are in Figure 16. If
Planchon basalt 3PL 7 was derived from a 13826-like parental magma by lower
crustal contamination, then the calculated lower crust component to relate
13826 to 3PL 7 should be similar to that required to relate 3PL 7 to 1PL 19. If
the two calculated contaminants do not match, then either the lower crust
beneath Planchon has at least two adjacent but non-communicating molten
reservoirs, or lower crustal contamination alone is not the process that produces
1PL 19, Considering the crudeness of simply relating a Planchon basalt to a
Puyehue basalt, the contaminant for 13826 to 3PL 7 (regional variation) is
roughly similar to that for 3PL 7 to 1PL 19 (basalt-basaltic andesite
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differentiation), notably their high La/Yb ratios. However, Cs and Yb differences
between the basalts cannot be reconciled with the other elements by
contamination (Figure 16), so an additional process is required to explain the
regional variation in primitive basalt compositions. A case based on the
circumstantial evidence of Figure 16 supports some lower crustal contamination
converting a 13826-like magma into a Planchon basalt, but it cannot be the only
process.
These local and regional contamination calculations only mount a
plausability argument for lower crustal contamination. For intrasuite variation at
both Planchon and Puyehue, correlation of contamination with fractional
crystallization in the crust (Tormey Chapter 2) further strengthens the case for a
lower crustal contribution in the compositional range from basalt to basaltic
andesite. The most probable lower crustal protolith contaminating developing
magmas is subduction-zone derived garnet granulite. The calculated lower
crustal contaminant to relate Planchon primitive basalts to Puyehue primitive
basalts partially resembles the contaminant required for intrasuite variation at
Planchon, but Cs and Yb differences are large and weaken the case for
complete lower crustal control of magma compositions. Variation between
primitive basalts of the TSVZ and SSVZ is most plausibly controlled by
conditions of melting in the mantle rather than lower crustal contamination.
Superimposed on this variable subduction zone input is a lower and upper
crustal contribution.
Nature of the Primary Magma and Mantle Source Region
Fractional crystallization is the dominant control on compositional variation
from basalt through rhyolite, with lower crustal assimilation significant in the
compositional range from basalt to basaltic andesite, and upper crustal
assimilation significant in the compositional range from andesite to rhyolite.
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The relationship of primitive basalts on a regional scale involves variation in
processes and sources during differentiaion before the most primitive lava
composition sampled is reached. Lacking primary and mantle xenolith-bearing
magmas along the volcanic front, we must infer sources and processes from
evolved basalts (5-8% MgO). In the previous section we calculated the lower
crustal contaminant required to relate Planchon and Puyehue basalts to a
common primary magma, and noted that Cs and Yb were inconsistent with
lower crustal contamination. The larger range in La/Yb observed regionally
than observed locally (Figure 15), and antithetic Rb/Cs trends regionally and in
the lower crustal contamination during basalt to basaltic andesite differentiation
at Planchon (Figure 14) imply these compositional variations are derived from
two separate reservoirs, namely the lower crust for local variation, and the
subduction zone for most regional variation.
In this section we explore the possibility that variation in mantle melting
conditions -- percentage of partial melting, different mantle sources, and
variable slab-derived input -- controls the regional variation in primitive basalt
compositions. Major element, trace element, and isotopic data are plausibly
explained by lesser amounts of slab-fluxing of the overlying mantle wedge in
the NSVZ and TSVZ source regions, leading to smaller degrees of partial
melting of garnet Iherzolite mantle, than in the SSVZ source regions.
Major Element Constraints on the Nature of the Primary Magma
Any model for major element variation among primitive basalts must explain
the relatively higher CaO and A1203 and lower SiO2 in SSVZ basalts than
TSVZ basalts (Figure 17, Table 1). The simplest explanation is that a common
primary magma fractionated a different solid assemblage during ascent in the
SSVZ than in the TSVZ. In detail, however, internally consistent fractionation
histories cannot account for the differences between SSVZ and TSVZ primitive
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Figure 3-17: CaO, AI203, and SiO2 variation versus MgO for Planchon (TSVZ)
and Puyehue (SSVZ) mafic lavas. Puyehue lavas have higher A1203 and CaO,
lower SiO2, than Planchon lavas. Various fractionation scenarios described in
the text cannot relate both Planchon and Puyehue lavas to a common parent
magma.
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basalts. A low A1203 , high CaO arc tholelite (as at Okmok Volcano In the
Aleutians, Nye and Reid, 1986) cannot produce both Planchon and Puyehue
basalts by fractional crystallization. The low A1203 of the primary magma
requires greater amounts of olivine and clinopyroxene fractionation to generate
Puyehus basalts than for Planchon basalts, but, in contradiction, the high CaO
and low SiO2 of the primary magma requires lesser amounts of crystallization
(particularly clinopyroxene) to generate Puyehue basalts (Figure 17). A low
CaO, low A1203 primary magma can fractionate only olivine to reach Planchon
and Puyehue compositions because both A1203 and CaO must increase wih
fractionation. Again, contradictory amounts of fractionation are required; greater
amounts of olivine fractionation are required to reach the A1203 and CaO of
Puyehue basalts, but this would also produce higher SiO2 and lower MgO in
Puyehue basalts than in Planchon basalts (Figure 17). The final possibility is a
high A1203, CaO, and MgO primary magma. High A1203 and CaO lavas are
postulated by Brophy and Marsh (1984) to be primary melts of subducted
oceanic crust, but these magmas also have low MgO (5%), while the SVZ
primary magma must have at least 10% MgO. Hence, primary melts of
subducted oceanic crust (as calculated by Brophy and Marsh, 1986) are
unsuitable as a primary magma for the SVZ; we will evaluate the suitability of a
hypothetical high MgO variant. The hypothetical primary magma would
fractionate olivine, plagioclase, and clinopyroxene at high pressures, with
greater amounts of olivine and less of plagioclase and clinopyroxene in SSVZ
magmas than TSVZ magmas. This high pressure fractionation would be
followed by the basalt to basaltic andesite crystallization modelled earlier
(fractionation of plagioclase, clinopyroxene, and olivine at moderate pressure),
with greater proportions of plagioclase in SSVZ lavas than TSVZ lavas. The
variable behavior of plagioclase in the TSVZ -- becoming less stable at low
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pressures -- is contrary to experimental experience (Presnall et al. 1978).
Hence, no single primary magma composition can produce all basalts of the
SVZ by fractional crystallization alone.
If fractional crystallization cannot relate SSVZ and TSVZ basalts to each
other or a common primary magma, will variable degrees of melting of a
homogeneous source produce the required compositions? Experiments by
Takahashi and Kushiro (1984) and calculations by Klein and Langmuir (1987)
on the melting behavior of spinel Iherzolites (the fertile xenolith type in alkalic
basalts from Patagonia south of 37.50S (Skewes and Stern, 1978)) deduce that
the earliest melt is richest in A1203 and decreases with increasing melting, while
CaO gradually increases as clinopyroxene melts, then decreases after all the
clinopyroxene in melted (Figure 18). There is no case in which one percentage
of melt is richer in both A1203 and CaO than a different percentage of melt.
Hence, differing percentages of melting of a common spinel Iherzolite mantle
cannot relate TSVZ and SSVZ lavas.
The melting behavior of a garnet Iherzolite mantle (also present as xenoliths
in alkalic basalts from Patagonia (Skewes and Stern, 1978)) is more poorly
known than spinel lherzolite. Experiments of Mysen and Kushiro (1977) and
Scarfe (1970) indicate that first garrnet and then clinopyroxene are consumed
during progressive melting of garnet Iherzolite. In contrast to the gradual
release of A1203 from pyroxenes and spinel during melting of spinel Iherzholite
(Green and Ringwood, 1967, Figure 18), the alumina budget in garnet Iherzolite
is controlled by garnet (typically garnet has 22 wt % A1203). Hence, first melts
will be relatively poor in A1203, and as melting progresses A1203 of derived
liquids increases until all the garnet is consumed. CaO will behave similarly to
the spinel Iherzolite melting scenario (Figure 18). The critical control on the
CaO/AI203 ratio in the melt produced is the proportion of garnet and
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Figure 3-18: Schematic representation of Al203 and CaO variation during
melting of a spinel Iherzolite and garnet Iherzolite mantle. The curves are
inferred from experimental determinations of phase disappearences during
melting, and from compositions of mantle minerals. A spinel Iherzolite mantle
cannot produce both Planchon and Puyehue lavas. A garnet Iherzolite mantle,
however, can produce the contrasting Planchon and Puyehue basalts.
Planchon (TSVZ) basalts are derived by a smaller degree of melting of a garnet
Iherzolite mantle than PuyOhu6 (SSVZ) basalts.
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clinopyroxene entering the melt (Clague and Frey 1982). In melting of a garnet
lherzolite source, TSVZ basalts derived by lower degrees of melting than SSVZ
basalts will have lower CaO and A1203, as observed. Hence, a lower degree of
melting of a homogeneous garnet lherzolite mantle in the TSVZ source than in
the SSVZ source can generate the observed major element heterogeneity
among primitive basalts.
Another possible explanation for the major element contrasts is that the
mantle beneath the continental margin of South America is heterogeneous in
major element composition. This is certainly plausible, but difficult to constrain
without mantle samples. Similarly difficult to constrain is the major element
effect of lower crustal contamination. A high SiO2, low A1203 and CaO
contaminant, plausibly derived by partially melting an eclogitic lower crust,
could also relate primitive basalts.
Trace Element Constraints on the Nature of the Primary Magma
Lower degrees of partial melting of a garnet Iherzolite source in the TSVZ
than the SSVZ explains regional La/Yb variation well. Greater amounts of
residual garnet in the TSVZ than SSVZ mantle source yields lower Yb in TSVZ
basalts, and the lower degrees of melting in the TSVZ yields higher La. Lopez-
Escobar et al. (1977) reached similar conclusions on the basis of rare earth
element variation in Southern Volcanic Zone lavas. They mcdelled the rare
earth element characteristics of NSVZ lavas as generated by 3% melting of a
garnet peridotite source, and the rare earth element characteristics of SSVZ
lavas by 12% melting of a garnet-free peridotite. The regionally variable La/Yb
in primitive basalts is then further modified in the lower crust, with greater input
of high La/Yb crustal melts in NSVZ and TSVZ magmas than SSVZ magmas.
Cs and Rb/Cs vary at the 370 S segment boundary; Cs is lower, Rb/Cs
higher in the TSVZ than in the SSVZ. Rb and Cs have been modelled earlier
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as being highly affected by crustal contamination, and Figure 7 demonstrates
that Rb/Cs is much more variable within NSVZ and TSVZ suites than within
SSVZ suites. However, in Figure 14 Planchon and Puyehue do not project
back to a common source value of Rb/Cs. Rather, increasing crustal
contamination (increasing La/Yb and Th), makes TSVZ lavas more "arc like."
Thus, the less contaminated samples have higher Rb/Cs in the TSVZ than in the
SSVZ. High Cs abundance and low Rb/Cs have been taken as indicators of
slab input (Morris and Hart, 1983; Futa and Stern, 1988) and fluxing of the
overlying mantle wedge; variation in Southern Volcanic Zone lavas imply a
greater slab input to SSVZ magmas than TSVZ magmas. Assuming that
greater slab fluxing of the overlying mantle implies greater amounts of mantle
melting, the Rb/Cs data are consistent with the major element and La/Yb
observations indicating a higher degree of partial melting in the SSVZ source
than in the TSVZ source. The good correlation between Rb/Cs and La/Yb
("subduction zone" line in Figure 14) further links the two geochemical traits to a
common source, probably the mantle source region. The regional Rb/Cs -
La/Yb trend attributed to variations in slab fluxing is antithetic to the Planchon
Rb/Cs. - La/Yb trend attributed to lower crustal contamination ("crustal
contamination" line in Figure 14); variations both in mantle inputs and lower
crustal overprinting, not exclusively one source or the other, lead to the
observed compositional variation among SVZ lavas.
Other "arc" characteristics, high Ba/La and Ba/Nb relative to OIB and MORB,
broadly overlap for NSVZ, TSVZ, and SSVZ lavas of the volcanic front (Figure
10) and all are "arc-like". Hickey et al. (1986) noted east - west variation in
these ratios and attributed them to greater slab contribution to western
volcanoes than to eastern volcanoes. Considering only the volcanic front,
however, the arc character is relatively constant, with Volcan Llaima an
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exception with high (>100) Ba/Nb. Basalts and basaltic andesites from the
volcanic front have a relatively uniform arc character as measured by Ba/La and
Ba/Nb, and indicate a slab contribution as the likely cause for their difference
from MORB and 0IB. Rb/Cs is the only "arc ratio" that varies significantly
between segments. Constancy in Ba/La and Ba/Nb is somewhat surprising,
considering the age change in the subducting plate at 370 S (Figure 1), and the
regional variation in Rb/Cs. Hildreth and Moorbath (1988) argue that variable
Ba/La in NSVZ lavas indicates intracrustal control on the ratio. While crustal
contamination probably accounts for the difference in Ba/La between the
evolved lavas from the NSVZ volcanoes, values still lie within the arc - like SVZ
field. Futa and Stern (1988) suggest that Rb/Cs varies by sediment type.
Decoupling of Rb/Cs from Ba/Nb and Ba/La may be due to different factors
controlling the ratios (slab and sediment dehydration for Rb/Cs, residual minor
phase for Ba/La and Ba/Nb). As a final and favored possibility for this
unresolved question, the variation in subduction zone input is probably slight,
and only affects Rb/Cs.
Incompatible element abundances of basalts are higher in the TSVZ than in
the SSVZ (Figures 5 and 6). This too is consistent with lower degrees of
melting in the TSVZ than in the SSVZ mantle source. Major element and trace
element variation among primitive basalts at the 370 S segment boundary are
consistent with an origin by lower degrees of partial melting of a garnet
Iherzolite source in the TSVZ than in the SSVZ.
We are left with two conflicting models for the origin of variation among
primitive basalts north and sourth of the 370 S segment boundary. Lower
crustal control modifies a common SVZ primary magma through addition of a
greater amount of a high La/Yb, low A1203 and CaO, and high incompatible
element (except Cs and Yb) abundance crustal melt to TSVZ magmas than to
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SSVZ magmas. Mantle control assumes a homogeneous garnet Iherzolite
mantle source, and due to a lesser slab flux (as measured by Rb/Cs) beneath
the TSVZ than the SSVZ, melts less beneath the TSVZ than the SSVZ. The
geologic variations are consistent with either model. The crust thickens north of
370 S, as does the amount of crustal contamination required for magmas.
However, the mantle wedge also thins north of 370 S and the subducting slab
may shallow as the Juan Fernandez ridge is approached, both leading to a
cooler mantle wedge and lower degrees of partial melting. Further, the
subducting slab is older and hence colder north of 370 S (Figure 1), leading to
lower degrees of melting beneath the NSVZ and TSVZ than the SSVZ.
CONCLUSIONS -- FAVORED MODEL
A definitive description of magma generation and evolution in a cordilleran
volcanic arc as exemplified by the Southern Volcanic Zone of the Andes is
premature at this time. However, the varied constraints brought to bear on the
question in the Southern Andes provides a "most plausible" description,
illustrated with Figure 19.
High Ba/La, Ba/Nb, and low Rb/Cs in SVZ lavas compared to MORB and
OIB (Hickey et al. 1984, 1986) implicates material from the subducted slab in
magma formation. Higher A1203, CaO, and lower La/Yb, Yb, Rb/Cs, and
generally lower incompatible element abundances in basaltic lavas of the
SSVZ than the TSVZ suggests SSVZ magmas form by higher degrees of
melting of a garnet Iherzolite source. This results from greater slab fluxing of the
SSVZ mantle (lower Rb/Cs in magmas), and the lesser amounts of residual
mantle garnet produces higher Yb and lower La/Yb in SSVZ magmas than
TSVZ magmas. Based on major element evidence, TSVZ and SSVZ basalts
cannot be related to a common parent (primary) magma by fractional
crystallization alone. Higher degrees of partial melting of garnet Iherzolite in the
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Figure 3-19: Summary diagram of the preferred model of magmatism in the
Southern Volcanic Zone. The multiplicity of contributing reservoirs is only
evident in the TSVZ. In the NSVZ, there is a strong crustal control, possibly via
a lower crustal MASH zone (Hildreth and Moorbath, 1988). In the SSVZ the
crust has a minimal impact on developing magmas (Hickey et al., 1986). In the
transition zone, contributions are evident from all sources. See text for further
summary.
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SSVZ than TSVZ, however, also accounts for major element differences
among primitive basalts.
The segment boundary at 370S marks a major discontinuity in the pressure
of crystallization of mafic magmas. SSVZ magmas, rising through a thin
continental crust, experience low pressure (5 kbar average?) plagioclase
dominated fractionation, while magmas in the NSVZ and TSVZ, rising through
thicker crust, have a more protracted history of high pressure (8 kbar average?)
clinopyroxene dominated fractionation. Basaltic andesites in the TSVZ thus
have higher AI1203 and Sr, lower CaO and Sc, than equivalent lavas in the
SSVZ. Intra suite trace element and isotopic evidence indicates lower crustal
contamination occurs during basalt to basaltic andesite differentiation.
Quantification at Planchon (TSVZ) and Puyehue (SSVZ) indicates a greater
lower crustal imprint in TSVZ magmas (about 10-15%) than SSVZ lavas (-5%).
The lower crustal contribution is mostly from eclogitic, subduction zone-derived
materials, increasing Rb, Cs, Th, and La/Yb of evolving magmas. The most
incompatible elements are mobilized by crustal partial melting, incorporated
into magmas, and transported to higher crustal levels.
In all segments, andesites, dacites, and rhyolites form through low pressure
fractional crystallization. The upper crust behaves as a leaky crucible during this
differentiation from basalt through rhyolite. Rb, Cs, and Th are sweated out of
wall rocks and continuously added to evolving magmas. These elements are
fractionated from other incompatible elements, such as La and Ba; enrichments
exceed those expected from fractional crystallization. In the SSVZ, this is the
only contribution from the upper crust, but in the TSVZ and NSVZ isotopic
variation also occurs.
The picture of magmatism in a cordilleran arc that emerges includes
contributions from many reservoirs. Only preservation of the compositional
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range from basalt through rhyolite in volcanic front lavas allows separation of
the effects of the various reservoirs. Most of the volcanoes are relatively small
thermal anomalies and so do not induce large scale melting in any one
reservoir. In the TSVZ and SSVZ plentiful basalts reach the surface and imply
a partially molten lower crust does not exist to intercept them. These lavas are
continuously contaminated by small degree crustal melts during rise through
the lower and upper crust but are at least 80% mantle-derived. The very thick
crust of the NSVZ and attendant high temperatures of the lower crust may
induce large scale lower crustal melting and developement of a MASH zone
(Hildreth and Moorbath, 1988). Such a process of large scale lower crustal
melting appears important in the Central Volcanic Zone, where the continental
crust is up to 70 km thick (Hawkesworth et al. 1982), and in generating batholith
scale magmatism. High temperatures in the lower crust produced by crustal
thickening, or a high magma supply rate, can induce large scale melting and a
correspondingly large lower crustal signature on evolving magmas (Tormey,
Chapter 2). The significant lower crustal signature on magmas has rheological
implications for the lower crust, and suggest that crustal deformation should be
concentrated in this partially molten, weakened region. The large upper crustal
thermal anomalies generated by long lived caldera-forming systems seen in the
Andes (Hildreth et al. 1984) and the Cenezoic Western United States (Lipman
et al. 1972, Christiansen and Lipman 1972) lead to large amounts of upper
crustal contamination . Our focus on volcanic front stratovolcanoes of the TSVZ
and SSVZ, with their minimal thermal anomalies, produces a picture that
includes contributions from all reservoirs, with no single one (except the mantle)
dominating observed lava compositions. Models of cordilleran magmatism are
filtered through the specific system that is focussed on. The full description and
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mass balance must recognize the many styles active in a single cordilleran arc,
and the spatial, temporal, and thermal controls on which style is dominant.
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CHAPTER FOUR
U - Th Disequilibrium Study of Historic Lavas
from the Volcanic Andes:
Evidence for Subduction Zone U- Enrichment
and Timescale of Magmatic Generation and Ascent
-278-
ABSTRACT
U-Th isotopic data are presented for 9 lavas from the Southern Volcanic
Zone of the Andes. Lavas from south of 370S, where continental crust is 35 km
thick, show disequilibrium and 238U-enrichment. Lavas from north of 370S,
where continental crust is thick, show 238U-230Th equilibirum. The continental
crust is therefore not the source of 238U-enrichment. 238U/23OTh correlates with
indicators of mantle metasomatism by subducting oceanic crust and sediments
(Rb/Cs and lOBe). Pinning 238U-230Th fractionation to the subducting slab
allows calculation of a "chemical ascent rate." Melts must coalesce, rise, and
erupt in 1-3 half lives of 230Th (75,200-225,600 years), so the velocity of ascent
is 1.33-0.44 m/yr. This rate compares favorably with rates calculated for
diapirism and fracture transport.
Th/U as measured by Pb isotopes is greater than that measured by Th
isotopes, which in turn is greater than that measured in the lavas.
INTRODUCTION
Radiogenic isotope ratios of elements serve as both tracers and
chronometers of sources and processes in igneous geology. Isotopic ratios of
elements with differing geochemical characteristics and different time scales
(half lives of the radioactive parent) provide a range of information in problem
solving. Study of isotopes in the decay series of 238U (Figure 1) is like other
widely used radiogenic isotopic systems in that the ratio of a particular daughter
product, for example 230Th, relative to 232Th (the parent of the separate Th
decay chain), provides a tracer of sources with distinctive 230Th/232Th. Time
information differs slightly from other systems, in that the daughter product is
itself radioactive. As a result of this difference, the mechanics of data
interpretation differs from other systems.
All U and Th isotopic ratios reported are activitiy ratios rather than
abundance ratios. The abundance of 23OTh is vanishingly small, but its short
half live gives it a high activity. The activities of 230Th and 238U are typically
normalized to the activity of 232Th, the parent of a separate decay chain.
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Figure 4-1: Decay series of 238U, showing the principle decay paths and half
lives of intermediate products. In this study we concentrate on 238U and 230Th.234U and 238U equilibrate rapidly. For the 230Th - 238U couple, the time scale
of equilibration (half life of 230Th) is 75,200 years.
-280-
Nn
444
4.51
-281-
ar
zn.
I I
·Ir
U
CA
rr
Samples in 230Th/232Th - 238U/ 232Th radioactive equilibrium will have equal
activities; on an "equiline diagram" (Allegre 1968) (Figure 2), this line of
radioactive equilibrium defines the equiline, with slope equal to one. After a
process that fractionates U from Th, samples will be displaced from the equiline
at constant 230Th/ 232Th, because isotopes of the same element are not
fractionated (Figure 1). If measured immediately, 230Th/232Th is the source
value, hence a measure of Th/U in the source (230Th is a decay product of 238U
and directly reflects it, while 232Th is the parent of a separate decay chain).
With time after fractionation, 230Th/232Th changes as the sample approaches
equilibrium along a vertical trajectory (Figure 2 shows the case of 238U
enrichment). The equation describing the change in 230Th/232Th is:
(230Th/232Th) = (238U/232Th) (1- e"0 t) + (230Th/232Th)o e-t,
where A,= 230Th decay constant. Hence, whether disequilibrium is 238U or
230Th enriched, equilibrium is acheived on a timescale given by the half live of
230Th (75,200 years). Another useful quantity is the measure of disequilibrium,
238U/230Th; a number not equal to one indicates disequilibrium.
Each daughter product in the decay series of 238U offers distinctive
information, both in their geochemical behavior and range of half lives (Figure
1). The final daughter, 206Pb, is currently the most widely used by igneous
geochemists. The time scale recorded by 238U-230Th disequilibrium (75,200
years) is that of magma formation and subsequent evolution, and for this reason
it is the most "petrologic" of the isotopic systems in use. Th is slightly more
incompatible that U in most igneous processes (Allegre and Condomines 1982,
Condomines et al. 1988), but requires either small degrees of partial melting or
participation of minor phases to fractionate them. U, unlike Th, forms oxides via
the 6+U ion, and so is more soluble in aqueous fluids than Th. Oxidizing and
aqueous processes fractionate U from Th appreciably. Three distinct Th/U can
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Figure 4-2: Schematic representation of 238U and 230Th fractionation on an
equiline diagram. Values are activity ratios, not abundances, and are
normalized to 232Th. The equiline is defined by radioactive equilibrium
between 230Th and 238U (230Th/232Th -, 238U/ 232Th). From a source initially in
equilibrium (circle on the equiline), disequilibrium is introduced by melting and
moves the composition horizontally (enrichment of 238U in the illustration; Th
enrichment is to the left). If sampled immediately by eruption, 230Th/232Th in
the lava measures KTh, the source Th/U ratio. 238U/232Th provides another,
direct, measue of Th/U (Km). Samples evolve towards the equiline along
vertical trajectories (dashed line), and depending on the original fractionation
return to radioactive equilibrium after 1 to 3 half lives of 230Th.
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be calculated; one corresponding to very long time scales (109 years), based
on Pb isotopes (206Pb and 208Pb are decay products of 238U and 232Th,
respectively) (KPb), another corresponding to much shorter time scales (105
years), based on Th isotopes (232Th/230Th, assuming the measured value
represents the source) (KTh), and a third measured directly in the lavas (Km).
To determine igneous processes, lines of evidence used are typically either
chemical variation among a suite of related rocks, or physical modelling based
on estimation of the governing parameters of the various processes. The U-Th
disequilibrium system offers a new line of evidence -- a measured time in which
processes occur. A process may be physically reasonable and may produce
the observed chemical variation, but if the time as indicated by U-Th
disequilibrium is much shorter than predicted by modelling, then the process is
unlikely to be occurring. The use of U-Th disequilibrium as a time constraint
requires that a cause of fractionation of U from Th be identified. If a cause can
be identified and 238U and 230Th are out of equilibrium as measured by their
activities, then the fractionation occured less than one to three half lives ago
(depending on the initial fractionation). If 238U and 230Th are in equilibrium,
either fractionation did not occur, or it occured more than one to three half lives
ago (again, dependent on the initial fractionation). Since the isotopic system
equilibrates rapidly, historic lavas are required to assess magmatic processes.
The versatility of the technique is illustrated by its wide variety of applications.
The U series disequilibrium technique has been routinely used in
oceanography and carbonate petrology (Ku 1976, Goldberg and Koide 1962).
U, unlike Th, has a 6+U oxidation state; extreme fractionation thus occurs in
aqueous environments. U is enriched in ocean waters, while Th adsorbs on
sediments. Carbonates, precipitated from seawater, are extremely enriched in
U relative to Th (Ku, 1976). Hence, ocean sediments are typically out of
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radioactive equilibrium, and can be enriched in Th (terrigenous sediments) or U
(carbonate sediments).
In the oceanic basalt reference frame, all cases of U-Th disequilibrium are
towards Th enrichment, that is, to the left of the equiline (Figure 3). 230Th/232Th
are typically greater than 1.0 (Allegre and Condomines 1982, Condomines et
al. 1988). There is a general negative correlation of 230Th/232Th and 87Sr/86Sr
among oceanic lavas, forming a "mantle array" (Allegre and Condomines, 1982,
Condomines et al. 1988).
Lavas from island arcs, the Central American arc, and K-rich continental
volcanics are the only lavas to show enrichment of 238U over 230Th, that is,
falling to the right of the equiline (Condomines et al. 1988) (Figure 3). Allegre
and Condomines (1982) point out that U enrichment can occur in either the
subduction zone or the continental crust for Central America, but in island arcs
the difference from oceanic lavas must arise in the subduction zone. Newman
(1986) studied historic lavas from a cordilleran arc, the Cascades of the
Western United States. While most lavas were in equilibrium, the only cases of
disequilibrium fall to the left of the equiline, that is, Th enrichment. She
postulated that this is due to partial melting and crustal contamination, and that
it may be a characteristic of cordilleran, as opposed to island, arc systems.
The Andes from 330S to 420S (Southern Volcanic Zone) offer an ideal
convergent margin for U-Th disequilibrium study (Figure 4). Several volcanoes
have been studied in detail, and a large body of geochemical and to a lesser
extent geological data exists with which to interpret the results. There is a first
order variation in thickness of the continental crust at 370S (Tormey, chapter 3);
crustal thickness south of 370S is about 35 km thick, but thickens to 55 km
between 370S and 330S (Hildreth and Moorbath 1988). In addition, the
Southern Volcanic Zone has been shown to have a significant loBe signature
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Figure 4-3: Top: U-Th data for mid ocean ridges (data for EPR from Newman et
al. 1983, FAMOUS from Condomines et al. 1981a, Iceland from Condomines et
al. 1981b) and Hawaii (Newman et al. 1984a). All lavas are either in 238U -230Th equilibrium, or 230Th enriched. Bottom: U-Th data for arcs (Costa Rica
from Allegre and Condomines 1976, Cascades from Newman 1986, Marianas,
Aleutians from Newman et al. 1984b, Andes from this study). 5% precision is
about the size of the symbols. Arcs show much greater variation than MORB
and OIB, and many lavas display 238U enrichment (right of the Equiline). The
Andes have low 230Th/232Th relative to all other lavas.
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Figure 4-4: Location map of South America, the Southern Volcanic Zone of the
Andes, and the volcanoes studied. 370S is an important segment boundary;
continental crust is about 35 km thick south of 370S, and thickens to 55 km
between 370S and 330S (Hildreth and Moorbath 1988).
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(an indicator of sediment input to subduction zone melting, Morris et al. 1986),
highest at Volcan Villarrica, located at 39.50S (Figure 4). There is also
significant variation in Rb/Cs (another subducted crust indicator, Morris and
Hart, 1984) at 370S, with a greater subduction zone input indicated south of
370S. Hence, a geographic dichotomy between crustal and mantle control
exists to test the source of U enrichment in subduction zones. North of 370S,
the crust is an important source of magma components. South of 370S,
subduction zone and mantle input is greater.
In this study, we use U-Th disequilibrium systematics as chronometer and
tracer. We link U - enrichment to subduction zone-derived inputs, and hence
derive a time constraint for magma ascent through the mantle and crust to
eruption. As a tracer, low 23OTh/232Th in Andean magmas relative to oceanic
magmas and other arcs (Figure 3) indicate a Th rich source, but shorter time
scale U-enrichment (Km lower than KTh)is superimposed on this character.
ANALYTICAL TECHNIQUES
Turekian and coworkers (Bennet et al. 1982, Reinitz and Turekian 1988)
have criticized the results of other labs. Their studies of altered mid ocean ridge
basalts (Reinitz and Turekian 1988) encourage caution in sample selection.
Certainly, only unaltered historic lavas should be used, and heavily altered
portions are to be avoided. Samples in this study are fresh, unaltered lavas
from documented historic eruptions.
The following technique was used by Reid (1988), and in this study. Th
abundances in Chilean lavas are 1-7 ppm, so large quantities of sample (3-10
gm) were used to achieve a high alpha activity and so expedite high counting
precision. The U-Th spike used for isotope dilution mass spectrometry is 23OTh
rich, and is a potential lab contaminant. All materials used have not been in
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labs where U-Th spike is used, and avoidance of any possibly contaminated
areas has been a general rule.
3-7 grams of unspiked sample are dissolved at 1000C in 250 ml teflon
beakers using 100 ml 3:1 HNO3-HF; this breaks down silicates into fluorides
and nitrides. While drying down, addition of -10 ml HCIO4 inhibits formation of
insoluble fluorides.
The sample is then conditioned with -150 ml 6.2 NHCI. If a residue remains,
the HCI solution is poured into a clean beaker, then the residue can be attacked
with either H20 or HNO 3 (pour in ~50 ml, heat at 1000C covered for a few hours,
dry down at 1000 C); the residue is then brought up in 6.2 HCI. All the sample
should be in 6.2 N HCI solution. Generally, all the sample goes into solution on
the first try. Dry down sample and condition in 1:1 (8N) HNO 3.
Samples are next centrifuged in 15 ml tubes for 30 minutes before loading
onto the first column; 6 aliquots should be enough to load the entire sample.
Column sheets for chromatography are provided in Appendix I, and are self
explanatory. Each column is repeated, yielding a total of 4 column steps.
After the final column step and dry down, 2-4 ml HNO3 is added to the
beaker, dried down almost completely, then 2-4 ml 6.2 N HCI is added (making
a little aqua regia in transition), then dried down. Now we are ready to
electroplate Th.
2 ml NH4CI is added to the sample beaker, swirled and poured into plating
assembly (Figure 5). The beaker is rinsed with 2 ml NH3C204 , then solution is
poured into the plating assembly. Finally, the beaker is rinsed with 4 ml vycor
water and poured into assembly. Insert the electrode and turn on the voltage
(Figure 5); Th plates at 10V. The current will gradually increase to a maximum
of about 1 amp, then decrease as the plating reaction goes to completion.
Plating usually takes 1 hour and should provide ~100% yield (Koide and
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Figure 4-5: Plating assembly used for Th electrodeposition (after Koide and
Bruland 1975).
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Bruland 1975). Before turning off the voltage, 2-3 drops NH40H is added to
stop the reaction, and prevent back-plating. Rinse the steel sheet with vycor
H2 0, then ethanol. Briefly flame it to remove volatiles. Cut a quarter-sized disk
around the plated area, and transport the sample to the alpha spectrometer.
An Ortec alpha spectrometer and multi-channel analyzer is used for counting
Th activity. There is no peak overlap between 230Th and 232Th, so background
corrections are straightforward. Ambient background levels and plating blanks
are indistinguishable and very low (cts/day). 1% precision based on counting
statistics is typically achieved in one or two weeks, for a 2% precision in the
ratio 230Th/232Th. Precision based on duplicate analyses of five samples
(Appendix 1) is better than counting statistics. Yields are usually better than
50%; losses in the four column steps may be responsible. U is always
completely removed by the chromatography.
U and Th abundances (hence 238U/232Th) are measured using standard
isotope dilution techniques and run on the 12" mass spectrometer. Within run
statistics are usually better than 0.1%, but within run fractionation leads us to
suspect 1% is a better estimate of precision.
RESULTS
General Observations
Compared to other arc lavas, Andean lavas have low 230Th/232Th (Figure
3). The 230Th/232Th of Andean lavas translates to a source Th/U of about 3.53
(KTh, Table 2). Since fractionation of U and Th is observed and equilibration is
occuring, this KTh is not strictly a mantle value, but is a lower bound on possible
mantle values. Rhyolites (Descabezado, Puyehue) are similiar to mafic rocks
from nearby volcanoes in both 230Th/232Th and 238U/230Th (direct measure of
disequilibrium) (Table 1, Figure 6). While variation among Andean lavas is
relatively small, lavas from south of 370S tend to either have higher 230Th/232Th
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Analytical Data
Latitude
Eruption date
Si02
230Th/232Th
U (ppm)
Th (ppm)
238U/232Th
238U/230Th
10Be
Rb/Cs
La/Yb
Latitude
Eruption date
Si02
230Th/232Th
U (ppm)
Th (ppm)
238U/232Th
238U/230Th
10Be
Rb/Cs
La/Yb
San Jose
281282-3
33.6
19th century
63.1
0.882
2.19
7.84
0.847
0.96
1.4
28.9
14.9
Villarrica
260186-1
39.5
1984
52.2
0.968
0.46
1.27
1.100
1.14
2.5
9.6
3.45
Peteroa
PT 9
35.2
1937
55.1
0.804
1.36
5.20
0.795
0.99
20.0
7.76
Quetrupillan
L24
39.5
prehistoric
51.9
0.880
0.92
3.30
0.844
0.96
18.9
7.91
Descabezado
070283-2
35.8
20th century
72.0
0.848
3.19
11.60
0.834
0.98
19.1
9.15
Puyehue
7282-2
40.5
1921
69.0
0.817
2.19
7.35
0.906
1.11
13.7
5.29
Table 4-1
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Antuco
51177-7
37.4
1853
52.9
0.798
0.41
1.52
0.815
1.02
1.0
16.0
5.19
Carran
160283-1
40.4
1955
basalt
0.906
0.38
1.21
0.946
1.04
3.40
Calbuco
3282-2B
41.4
1961
55.8
0.859
0.32
1.20
0.998
1.16
13.9
3.16
Th/U ratios of Southern Volcanic Zone Magmas
Sample KPb KTh Km
San Jose 3.98 3.44 3.58
281282-3
Peteroa 3.78 3.81
PT 9
Descabezado 3.58 3.63
070283-2
Antuco 3.96 3.81 3.72 37 S SEGMENT
51177-7 BOUNDARY
Villarrica 3.94 3.13 2.75
260186-1
Quetrupillan 3.92 3.45 3.59
L24
Puyehue 3.95 3.72 3.36
7282-2
Carran 3.35 3.20
160283-1
Calbuco 3.94 3.53 3.04
3282-2B
KPb = 208/204 Pb- C --------
206/204Pb [(exp,232 T)-1)/(exp(1238 T)-1)] -A[ ]
C=29.48, A=9.307,X232= 0.049475 xl' per year 238= 0.155125x10 per year, T= 4.5:7ý10xo
KTh= 3.037/(230Th/232Th)
Table 4-2
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Figure 4-6: U-Th data for Southern Volcanic Zone Andean lavas. Uncertainties
are all 5%, slightly high for this study. Lavas from the thin crust segment south
of 370S display disequilibrium and 238U enrichment (Villarrica, Calbuco, and
Puyehue). Other lavas are in equilibrium, but lavas from north of 370S tend
towards Th enrichment (see also Table 1). 230Th/ 232Th in Andean lavas is low
compared to other arcs (Figure 3), but recent 238U enrichment is increasing the
ratio.
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than lavas from the thick crust segment to the north or will evolve to higher
230Th/232Th as they equilibrate (Figure 6). A similar observation, decreasing
230Th/232Th as crustal thickness increases, was made for the Cascades by
Newman (1984). She attributed the variation to greater incorporation of high
Th/U crustal melts by evolving magmas. Wheller et al. (1986), however,
attributed low 230Th/232Th in lavas from Batur Volcano in Indonesia to their
mantle source. They postulated the relatively thorogenic source corresponded
to the high 208Pb/204Pb measured in lavas of the "DUPAL" anomaly (Hart
1983). Kpb in Southern Volcanic Zone lavas is higher than KTh (3.95 versus
3.53, Table 2).
Six of the nine Andean lavas analyzed are in radioactive equilibrium, but
lavas from Villarrica, Calbuco, and Puyehue show disequilibrium and are U -
enriched (right of the equiline, Figure 6). These three lavas are from the thin
crust segment south of 370S. None are Th - enriched, in contrast to the
observations made for Cascade lavas by Newman (1986). There is a trend
towards Th enrichment in lavas of the thick crust segment (238U/230Th < 1,
Table 1), but within analytical precision all are on the equiline. Km, that is, Th/U
measured directly in the lavas, is lower than Kpb and KTh (Table 2). The most
recent U-Th fractionation (Km) enriched magmas in 238U. KTh in turn is higher
than the oldest Th/U, measured as KPb. Th/U decreases with time as measured
by the three systems.
The principle features of Southern Volcanic Zone lavas that are attributed to
varying subduction zone input are high 10Be and low Rb/Cs, and higher
subduction zone input causes higher degrees of melting and lower La/Yb
(Morris et al. 1986; Hickey et al. 1986; Lopez et al. 1977; Tormey chapter 3).
For all three of these geochemical parameters, lavas from the thin crust
segment south of 370S indicate a greater input from the subducted oceanic
-300-
crust. Within the limited data set, disequilibrium as measured by 238U/230Th
correlates with all three slab features (Figure 7), and implies the recent
enrichment of 238U is derived from the subducted oceanic crust.
DISCUSSION
238U Enrichment
Correlation of 238U/230Th (measuring disequilibrium and 238U enrichment)
with 10Be, Rb/Cs, and La/Yb (Figure 7) indicates U-Th fractionation is due to
components from the subducting oceanic crust. The enrichment is unlikely to
occur in the continental crust, because lavas from the thick crust segment north
of 370S do not show U enrichment, and rhyolites from both thick and thin crust
segments are similiar to mafic rocks from their segment. Indeed, lavas from the
thick crust segment tend toward Th enrichment, and Newman's (1986)
observation that Cascade lavas are Th enriched was explained by crustal
contamination. The small U signal from the subduction zone may be erased by
high Th/U crustal melts. In the thin crust segment of the Southern Volcanic
Zone, crustal contamination is neglegible (Hickey et al. 1986) and the
subduction zone signal comes through.
A possible explanation for the high 238U/230Th is that oxidizing conditions
expected from dehydration of the subducting oceanic crust enable fractionation
of U from Th, thereby enriching U in the derived aqueous phase (via the stable
6+U oxidation state). Addition of this fluid to the overlying mantle via
metasomatism imparts the disequilibrium, U enriched signal. Subsequent
melting may occur immediately or during ascent as a solid plus liquid diapiric
suspension, but the fractionation of U from Th occured at the boundary of the
mantle and subducting oceanic crust. Melting of the mantle may partially offset
the U enrichment (DTh < DU, Allegre and Condomines 1982, Condomines et al.
1988), but apparently does not overwhelm it. Likewise, crustal contamination
-301-
Figure 4-7: Correlation of Rb/Cs, La/Yb, and 10Be with a measure of
disequilibrium, 238U/230Th. High 10Be, low Rb/Cs and La/Yb indicate greater
slab-derived input to magmas (Morris et al. 1986, Hickey et al. 1986, Tormey
chapter 3), and in all cases corresponds to high 238U/230Th. This, coupled with
the observation that only arcs show 238U enrichment (Allegre and Condomines
1982), is strong evidence that the source of the 238U enrichment is subducting
oceanic crust and sediments.
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by high Th/U melts does not remove U enrichment in lavas from the thin crust
segment of the Andes. Having implicated the subducting oceanic crust as the
source of U-Th fractionation, we next use of the time constraint provided by the
U series disequilibria system.
Time Scale of Magma Generation and Ascent
We cannot constrain a time from U-Th fractionation north of 370S, because
all the lavas are in equilibrium. However, for lavas erupted south of 370S the
time since U enrichment by slab fluxing must be less than three half-lives of
230Th, 75,200 years. Since 230Th/ 232Th values are relatively low, it is unlikely
the initial fractionation was much larger than indicated in Figure 6, because a
much lower, atypical, 230Th/232Th source would be required (Figure 2).
Therefore, the time of U-Th fractionation was probably about one half life ago,
and no more than three. The time since magma formation for lavas south of
370 S was between 75,200 and 225,600 years ago. The depth to the
subducting slab is 100 km (Barazangi and Isacks 1976, Bevis and Isacks 1984),
so the "chemical ascent rate" is 1.33-0.44 m/year. This rate, derived from the
chemistry of the lavas, can be compared to rates calculated from physical
considerations of magma ascent. We will consider ascent through fractures, as
diapirs, and by porous media flow.
Ascent through fractures and dikes occurs very rapidly. Eaton and Murata
(1970) timed the rate of ascent of earthquake epicenters beneath Kilauea
volcano on Hawaii, and determined an ascent rate of 0.3 km/day. Calculations
based on fracture theory allow even higher rates, up to m/sec (Szekeley and
Reitan 1971, Shaw 1980). Transport through fractures provides rapid delivery
and preservation of U-Th disequilibrium, and may account for the apparently
rapid ascent of kimberlites and carbonatites (Williams et al. 1986). While
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fracture transport is probably the ascent mechanism in the brittle upper crust, at
deeper levels diapirism may be dominant.
Ascent rates for diapirs calculated by Marsh (1982) and Spera (1980)
depend on the size of the diapir and the viscosity contrast between the diapir
and the surrounding medium. They calculate ascent rates constrained by the
heat transfer between diapir and wall rock and the corresponding time to
solidify the diapir. For a diapir of radius 6 km, the ascent rate must be greater
than 3 m/year, and for a diapir of 0.8 km, 315 m/year (Spera 1980, Marsh 1982).
More frequently used ascent paths have warmer wall rocks and allow easier
ascent.
Magma ascent by porous media flow is the slowest of the three mechanisms.
Rates depend on the permeability of the medium, the small pressure gradient
during extraction of melt from the mantle (the driving force for flow), and the
viscosity of the liquid. Spera (1980) calculates rates of 5.3 cm/year - 1.8x10 -4
cm/year for porosities less than 10%. To achieve ascent rates comparable to
the chemical ascent rate, porosities of 0.25 (0.5 cm diameter crystals) to 0.50
(0.1 cm diameter crystals) are required. McKenzie (1985b) calculates even
lower rates (mm/year).
Calculated ascent rates for magma transport by fractures or diapirs is
consistent with the chemical ascent rate of 0.4 - 1.3 m/year, but magma
transport by porous media flow alone is too slow to preserve 238U - 230Th
disequilibrium generated by slab - derived fluids. Ascent of magmas probably
occurs as a combination of these three processes. Initial melts collect via
porous media flow into larger pods and eventually ascend as 1 to 10 km radius
diapirs. Once in the colder, brittle fracturing continental crust, magma ascent by
fracture transport probably becomes the dominant mechanism.
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Stalling of magmas from south of 370S during ascent, or long term storage in
any reservoir, is inconsistent with the disequilibrium data. Ascent must be
continuous on a scale of tens of thousands of years. High level storage and
differentiation to rhyolite at Puyehue still preserves disequilibrium, and so is a
relatively short term phenomenon, on the order of thousands of years or less.
Th/U in Andean Lavas
Bulk earth Th/U is about 3.9. KTh measured in MORB is depleted relative to
bulk earth, about 2.3 (Galer and O'Nions 1985). The low 230Th/232Th in lavas
of the southern Andes relative to oceanic lavas imply a Th/U in the source of
about 3.53, and Kpb is 3.95 (Table 2). Hence, either these southern Andean
magmas come from a relatively undepleted, bulk earth mantle, or they have
been affected by a high Th/U component.
If most of the U and Th in the magmas is derived from the crust, and
contaminants are in radioactive equilibrium, then the lower crust must have
relatively high Th/U. Tormey (chapter 3) calculated that lower crustal
contaminants appeared to be relatively rich in Cs; if Cs has not been depleted
in the lower crust, it is unlikely U has, since both are mobile in aqueous fluids
(Leroy and Turpin 1988). Th is generally more incompatible than U in igneous
processes (Allegre and Condomines 1982,Condomines et al. 1988), so partial
melts from the crust may have higher Th/U than the bulk crust. However, this
should lead to U-Th disequilibrium, with 230Th enriched over 238U, as noted by
Newman for the Cascades (1986). Either equilibrium or 238U enrichment is
observed in lavas of the southern Andes, suggesting the crust is not the source
of their relatively high Th/U, or that crustal contaminants are in radioactive
equilibrium.
If most of the U and Th abundance in the lavas is derived from the mantle,
then the mantle must be enriched in Th relative to a MORB source type mantle.
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KPb in Andean magmas is consistently 3.95, higher than the relatively high KTh.
Hart (1983) has noted a global scale zone of relatively high 208Pb/204Pb, the
DUPAL anomaly. The Southern Volcanic Zone is at the margin of this zone, but
there is little data in this region to define its limits precisely. It is therefore
plausible that the mantle source of Southern Volcanic Zone lavas has high
Th/U.
One explanation for the Th/U progression in time is by progressive
metasomatism of a high Th/U mantle by low Th/U fluids derived from the
subducting oceanic crust, and assumes Kpb is a mantle value. KTh greater than
Kpb indicates that there has been enrichment of U on a shorter time scale than
measured by the Pb isotopic system. On an even shorter time scale (measured
by Km, 75,200 years) there has been additional U enrichment of the mantle
source of Andean magmas. Arc magmatism in the southern Andes has occured
semi-continuously since the Jurassic, and metasomatism by low Th/U fluids
derived from subducting oceanic crust may be decreasing Th/U in the overlying
mantle.
A complication of high mantle Kpb (assumed in the previous paragraph) is
that high 208Pb/204Pb in subduction zone lavas is usually attributed to sediment
input (Hickey et al. 1986). Hickey et al. (1986), in considering Pb isotopic
variation in Andean lavas, argued that enrichment in 208Pb/ 204Pb occurs by
subduction zone mixing of continentally derived sediments (high Th/U and
208Pb/204Pb) and mantle. In this interpretation, Kpb does not measure the
mantle value, but the value of the mixture. Terrigenous sediments have high
Th/U (and 208Pb/204 Pb), but carbonate sediments have very low Th/U, and both
are typically out of radioactive equilibrium (Ku, 1976). Mixing of high Th/U and
208Pb/204Pb sediments with melts should produce disequilibrium, with Th
enrichment. Another difficulty with deriving high 208Pb/204Pb by subduction
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zone mixing is the observation of Kpb > KTh > Km. If Th enrichment by
terrigenous sediment incorporation occurred greater than 300,000 years ago,
and then subduction zone U enrichment was superimposed, the observed order
should be KTh > Kpb > Km. A solution to the quandry is decoupling of U, Th, and
Pb in the subduction zone. If both U and Pb are enriched over Th (Th held in
the subducting oceanic crust and unmelted sediments), then both
disequilibrium with U enrichment and high 208Pb/204Pb can be produced
without immediately affecting Th isotopes.
CONCLUSIONS
Although the data set is small, several conclusions can be drawn to serve as
hypotheses for future testing.
1) The continental crust is not the source of 238U enrichment observed in arc
lavas, because in this study lavas from the thin crust segment show 238U
enrichment and higher 230Th/232Th than lavas from the thick crust segment.
The thin crust segment has a greater subduction zone component (measured
by loBe, Rb/Cs, and La/Yb), and metasomatism of the mantle source by low
Th/U fluids yields magmas showing radioactive disequilibrium and 238U
enrichment (238U/230Th > 1). Lavas from the thick crust segment are in 238U -
230Th equilibrium, but may tend towards Th enrichement.
2) Since the source of U - Th fractionation is the subducting oceanic crust, a
"chemical ascent rate" can be derived. Radioactive equilibrium should be
reached in 1 to 3 half lives of 230Th (75,200 - 225,600 years), so the velocity of
ascent and eruption from 100 km depth is 1.33 - 0.44 m/yr. This compares
favorably with ascent rates for diapirism and fracture transport. Long term
(10,000's of years) storage of magma in the crust or mantle is unlikely.
3) Kpb > KTh > Km in southern Andean magmas, possibly indicating that Th/U in
the mantle source region of southern Andean lavas is decreasing with time.
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The most recent U enrichment (Km) is due to metasomatism by low Th/U fluids
derived from subducted oceanic crust, and it is possible that similar
metasomatism is also responsible for the longer term decrease in Th/U.
Alternatively, Kpb may measure a mix of sediments and mantle, rather than
mantle alone. In this case, U and Pb must be decoupled from Th in the
subduction zone.
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Duplicate analyses,
230Th/232Th
duplicate
U (ppm)
duplicate
separate chemistry and analysis
Villarrica Quetrupillan Puyehue
0.968 0.880 0.817
0.977 0.896 0.821
0.918 2.19
0.89 2.19
Th by isotope dilution (l.D.) and INAA
Villarica Quetrupillan
I.D. 1.27 3.30
INAA 1.10 3.30
San Jose Peteroa
I.D. 7.84 5.19
INAA 10.20 5.01
Puyehue
7.35
7.99
Descabezado
11.57
10.90
Calbuco
0.859
0.859
Carran
1.21
0.85
Antuco
1.52
1.62
Table 4-Al
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Calbuco
0.98
1.20
Final Summation
The structure of this thesis is four manuscripts intended to be published
separately. Overlap between chapters is inevitable with this format, and the
relevance of individual results to general problems may be obscured. In this
summation I hope to bring together conclusions from each section and indicate
how they help constrain some of the larger questions of processes and
chemical mass balance in cordilleran arc magmatism.
The Azufre-Planchon-Peteroa Volcanic center is located at 350 15'S, in a
transition zone of crustal thickness; continental crust is 35 km thick south of
370S and thickens to 55 km at 34.50S (Hildreth and Moorbath 1988). The
crustal thickness variation is an important geological constraint, and
comparison of the results of the detailed study of Azufre-Planchon-Peteroa
(Chapter 2) to the results of detailed studies of volcanoes on thinner and thicker
crust (Chapter 3) is an effort to use this geological constraint to infer the role of
the crust in the magmatic evolution of the volcanic front. Crustal contamination
fails to explain all of the regional compositional variation; variations in the
conditions of melting of the mantle in the subduction zone are strongly indicated
by the results of Chapter 3.
Basalts and basaltic andesites of Azufre and Planchon are related by a
plagioclase-poor, anhydrous fractionating mineral assemblage; high alumina
basalt is produced from tholeiitic precursors by high pressure crystallization.
During this crystallization, small degree partial melts of the lower crust (probably
an arc - derived garnet granulite protolith) rich in Rb, Cs, Th, and La/Yb
contaminate evolving magmas. Azufre dacites form at low pressures via a
plagioclase rich fractionating assemblage. Dacites are contaminated in the
upper crust by limestone and by partial melts of igneous country rock that
increase 87Sr/8 6Sr, )018, Rb, Cs, and Th in evolving magmas. Two depths
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(upper and lower crust) of contamination are evident in the Planchon-Azufre
system, with 10-15% crust incorporated in each environment. This style of
polybaric, polysource variation is prevalent among volcanoes between segment
boundaries at 34.50S and 370S, where crustal thickness changes rapidly. The
implications of these results are twofold. First, they imply that the continent is
growing by underplating arc - derived magmas at the base of the crust, forming
a young, mafic lower crust. Second, the continental crust itself is differentiating
through partial melting and advection of felsic crustal partial melts upward as
components of arc magmas.
In the thin crust region south of 370S, lavas evolve dominantly by low
pressure fractional crystallization, with minimal amounts of crustal
contamination. The 370S segment boundary is therefore an important
discontinuity in the predominant depths of fractional crystallization and the
amounts of crustal contamination. The implication of this result is that the
differentiation of the continental crust depends on crustal thickness (thicker crust
generates higher temperatures at lower crustal levels) and magma supply rate,
summarized by Figure 25 of Chapter 2. The rough calculations of crustal
contamination in Chapter 3 suggest the crustal component increases from 5-
10% south of 370S to 15-25% between 370S and 34.50S. A further implication
is that the rheology of the crust changes as it thickens and the supply of magma
increases, becoming more ductile at great thickness and high supply rate.
The 370S segment boundary is also an important discontinuity in the amount
of fluxing of the mantle wedge by fluids derived from subducting oceanic crust,
and the corresponding degrees of partial melting of garnet Iherzolite mantle in
response to the fluxing. Relative to lavas north of 370S, lavas south of 370S
have low Rb/Cs (high amount of slab fluxing of the overlying mantle wedge) and
low La/Yb (high degrees of melting of a garnet Iherzolite source). This
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inference has implications for the overall mass balance between mantle,
subducted material, and continental crust. The mantle component in southern
Andean magmas decreases as the crust thickens and the mantle wedge thins.
10Be studies (Morris et al. 1986) and low Rb/Cs relative to oceanic lavas
(Chapter 3) implicate a subduction zone contribution to arc magmas. The
proportion of subducted material incorporated in arc magmas is difficult to
estimate geochemically.
Chapter 4 attempts to determine the rates of magma generation, ascent, and
eruption. U-Th disequiblibrium data and 238U enrichment correlate with Rb/Cs
and 10Be, indicating U-Th fractionation was via a low Th/U slab-derived fluid.
To allow sampling of lavas in 238U-230Th disequilibrium, the combined rate for
melt coalescence, ascent, and eruption must be 1.33-0.44 m/year.
The overall significance of the results of this thesis is that cordilleran arc
magmas sample many chemical reservoirs. The mixing proportions between
crust and mantle depend on the heat of the crust (influenced by crustal
thickness) and the supply rate of magma from the mantle, both of which can
vary in space or time over the life of the arc magmatism. The amounts of
melting of the mantle seem to be controlled by the age (hence temperature) of
subducting oceanic crust, and the thickness of the mantle wedge (perhaps
influencing secondary mantle convection patterns). Detailed study of
compositional variations at individual volcanoes and comparison of these
results to regional geological variations elucidates the principal magmatic
processes operative in the southern Andean arc segment, and constrains the
chemical mass balance between mantle, subduction zone, and continental
crust reservoirs.
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